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Abstract
The instability of the rock surrounding underground excavations and engineering tunnels is an
ever-present threat to both the safety of human life and equipment. To eliminate or minimise
these threats, it is necessary to understand the root cause of the instability of the rock mass in
underground structures. Two groups of reinforcements are adopted to reinforce the unstable
rock mass, namely, rock bolts and cable bolts. Rock bolts are applied immediately after
excavation, as a primary support system, to connect the fractured bedding plane to the
immediate strata to create a beam. On the other hand, to enhance the durability of the
excavation, long cable bolts are used as a secondary support system to connect and bind the
bolted fractured zone to the higher competent stratification layers. Extensive research in the
area of rock bolting with the aim of improving the load transferring mechanism of the bolting
system has led the rock bolting technology to be enhanced enormously over the past four
decades.
Axial loading tests, known as the pull out test, have always been an accepted testing method to
examine the tensile strength of tendons and load transfer capacity. Tendons refers to both rock
bolt as well as cable bolts in this thesis. This type of test is relatively simple to design and
perform both in the field and in the laboratory. Therefore, most available data on tendon
performance deals with axial tensile testing. On the other hand, studies on shear behaviour of
tendons are limited as shear tests can only be performed in the laboratory. The shear
performance of tendons can be significantly affected by the ultimate tensile strength of the
bolt, pretension load, rock mass strength, cable bolt surface profile, and cementitious/chemical
resin properties. However, there is little known about the shear performance of tendon when
installed at varying angles under quasi-static loading conditions. In addition, seismic events
and rockburst are a pervasive problem in mines which operate at high extraction ratios and
involve release and transmission of energy from the zone of influence of mining. Shear failure
of rock bolts in mines are relatively prevalent, in particular in deep mines, which requires
extensive research to understand the dynamic shear behaviour of tendons under high impact
velocity loading conditions. Nevertheless, there is a lack of knowledge regarding the shear
response of tendons under high impact loading condition such as rockburst events in
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underground mines and tunnels. Therefore, the current research study aims to provide a better
understanding concerning the shear response of conventional rock bolts under high velocity
impact loading conditions with the help of the laboratory experimental tests as well as
numerical modelling approaches.
This thesis is divided into two parts to investigate the shear performance of tendons subjected
to varying loading conditions including quasi-static and dynamic shear loading of tendons
using the Double Shear Testing (DST) technique. The first part of the study is considering the
shear performance of fully grouted plain as well as indented SUMO cable bolts with varying
pretension loads as well as internal reinforcement subjected to quasi-static shearing using a
newly built double shear rig, known as Naj’s Double Shear Box (NDSB). Furthermore, shear
response of 7 wire 15.2 mm Jennmar cable bolt installed at varying angle including zerodegree, 30˚, and 45˚ has been examined using a large scale newly built Double Shear Rig
(DSR) as well as NDSB. The experimental results revealed that the strength of the concrete
type used as the host medium and its confinement have an influence on the shear load and
shear displacement of tendons. Also, without effective confinement, internally, externally or
combined, the true shearing of the tendon has been found to be difficult to assess. It was found
that the increased angle of orientation at 30 degree and 45 degree caused cable bolts to fail in
tensile shear. Shear testing of 15.2 mm cables at a 45 degree orientation to the joint surface
was significantly more effective in creating higher shear resistance than at 30 degree and 90
degree. In addition, shear displacement at peak shear load failure increased with a reduced
angle of orientation and the direction of shearing.
The focus of the second part of the study was the examination of the shear behaviour of fully
grouted 18 mm ribbed Jennmar rock bolts under high velocity impact loading conditions using
first generation of the Double Shear Box (DSB), known as MK-I DSB. For this purpose,
firstly, a set of static tests have been carried out to investigate the energy absorption of the
rock bolt under varying pretension loads as well as concrete strength medium to be able to
design the drop test for the corresponding rock bolt. The results illustrated that only 70 % of
the impact energy was absorbed by the system and 30 % of the energy was dissipated to
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overcome the friction between the shear faces. Meaning that dynamic shear capacity of a rock
bolt was found to be 70 % of its static shear capacity.
A numerical modelling simulation has been adopted to investigate the dynamic shear response
of fully grouted 18 mm ribbed Jennmar rock bolts under high impact velocity using
ANSYS/LS-DYNA. The numerical modelling developed in this study was found to be in good
agreement with the experimental results. Furthermore, a parametric study was conducted to
evaluate the effect of different parameters such as different compressive strength of concrete
medium, impact velocity, impact mass of drop as well as impact energy on the shear
performance of the 18 mm rock bolt.
All in all, it is worth mentioning that the shear performance of a tendon subjected to high
velocity impact loading conditions in this research using the double shear testing technique is
in a very first step of understanding of tendons load transfer capacity. Therefore, the outcome
of this study would assist mining and tunneling design engineers to facilitate ground support
systems in rockburst-prone conditions accordingly.
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Introduction
1.1 Rationale
In the operation of underground mines and civil tunnels, there are inherent dangers associated
with ground falls and rockbursting that can jeopardize human life, damage equipment, cause
ore dilution, or result in production delays (Kaiser et al. 1997). The instability of underground
mines has contributed to a considerable number of fatalities worldwide. According to Safe
Work Australia 2020, the recorded number of underground mines’ fatalities over the past 5
years were 6, 3, 9, 9, and 5 in 2016, 2017, 2018, 2019, and 2020, respectively. Consequently,
one of the paramount concerns of researchers worldwide is to minimize accidents during and
after excavation in an attempt to reduce the number of deaths to zero. Therefore, it is
significant for designers and engineers to broaden their knowledge to understand various
forms of underground instability and the mechanisms of roof failure and related conditions.
Such reductions in fatalities have necessitated increased support in the weak strata formation
in the form of tendon technology.
Underground mining and civil tunnels need to be aided with underground support systems to
make sure that the stability of excavations is legitimate so that the extraction of the ore over a
planned time frame can be undertaken with ease. There are some parameters that a ground
support system is dependent on including the stress regime, rock strength, rock structure, rock
conditions and class of particular area in the underground mine. Hayman (2014) stated that the
designing of ground support systems is a relatively costly part of the mining cycle, in
particular when the ground support system is insufficient for the conditions and rockfalls or
squeezing ground occurs, rendering the drive unserviceable.
Ground support systems can be categorized into two groups: ground reinforcement and surface
support. Ground reinforcements consist of the installation of rock bolts or tendons into the
rock mass thereby improving the strength of the rock mass in the periphery of the excavation
(Hutchinson et al. 1996, Windsor 1997, Hayman 2014). Ground reinforcement can be
categorized into two distinct types, primary and secondary reinforcements (Hutchinson et al.
1

1996). Primary reinforcement refers to the immediate reinforcement of the ground layers
during the excavation sequence through utilizing solid rock bolts. The main purpose of using
rock bolts is to decrease the strata deformation by increasing the linkage of the discontinued
rock mass. Rock bolting is known as an active support system as they apply forces to the rock
mass to minimise the displacement of the jointed layers and loose rock units. In this case, the
capability of tolerating stresses increases significantly. Rock bolting can be installed before
and immediately after excavation in the mines. Therefore, the need for a clear understanding
of the roles and purpose of tendon reinforcement are of paramount importance for effective
ground control.
When excavating in the underground environment, the openings are affected by the ground
stress, and surrounding rock around the opening has the potential to separate from the
excavation boundary, causing a safety hazard in the field. The rock mass in the postexcavation stress field results in either the failure of blocks or slippage in weakness planes.
The deformation of surrounding rock along the direction of reinforcement installation caused
the axial tensile on elements. If larger magnitude displacement and slippage of bedding planes
occurs around reinforcement drill holes, complex loadings are imposed on the element,
including pure shear, pure tension and a combination of tension and shear. The combination of
tension and shearing would be the main reason leading to the failure of reinforcement
elements. In other cases, the rotation of block applies more complex loadings on these
elements. To control the movement, deformation and rotation around openings, the ground
support scheme should be projected to prevent displacement and control discontinuities.
Kaiser et al. (1997) stated that today there are so many methods available to design against
ground falls with a good degree of confidence. However, this is not the case for rockburst,
coalburst, and seismicity-related mine design problems. Hayman (2014) mentioned that
rockbursting and squeezing ground conditions in hard rock underground mines worldwide
cause mine workers to be exposed to high consequence workplace hazards. Potvin et al.
(2008) and Hadjigeorgiou et al. (2013) suggested that squeezing ground cannot be prevented
but can be controlled by ground support systems which is able to deform in order to
accommodate the resulting high deformations while maintaining the integrity of the reinforced
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rock unit. Therefore, there is a need to develop an understanding on how the mine is reacting
to the extraction of ore.
Seismic events and rockbursts are a pervasive problem in mines which operate at high
extraction ratios and involve the release and transmission of energy from the zone of influence
of mining. In the literature, the term “rockbursting” is used to describe a wide range of
occurrences, without considering the description of the physical nature of the phenomenon.
According to Ortlepp et al. (1994) the conceptual understanding of rockbursting is not
uniform. However, the common factor is that all rockburst occurrences involve the violent
ejection of rock mass from the surface of the tunnel (Ortlepp 1993, Ortlepp et al. 1994,
Camiro et al. 1996, Kaiser et al. 1996, Ortlepp et al. 1998, Player et al. 2004, Player et al.
2008, Player et al. 2008, Li 2010, Potvin et al. 2010, Cai 2013, Kaiser et al. 2013, Li et al.
2014, Li 2017, Li et al. 2017, Cai 2019).
Li et al. (2016) stated that shear performance of rock bolts as well as cable bolts can be just as
important as tensile performance. This was evident by the fact that a large proportion of failed
tendons were found to be in shear, in particular in high stress rock masses (Li 2009, Li et al.
2016). Li (2009) pointing out that the mode of failure in rock has a direct influence on the
design of ground support systems. Figure 1.1 represents a rock bolt under a shear load which
makes the bolt deviate from its original hole trace.
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Figure 1.1. Rock bolt subjected to shear load adopted from (Li 2009)
Another example can be seen from Figure 1.2, showing a snapped rock bolt under a mixed
loading condition. As can be seen the rebar underwent both pull and shear load prior to failure.
As it was measured, opening displacement was about 30 mm and the lateral displacement was
about 18 mm at the position of failure.
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Figure 1.2. Failed rock bolt under a mixed loading condition adopted from (Li 2009)
Substantial research has been undertaken in recent years on the behaviour of tendon subjected
to axial and shear loading, especially at the University of Wollongong by (Aziz et al. 2003,
Aziz et al. 2003, Jalalifar et al. 2006, Jalalifar et al. 2010, Cao et al. 2012, Aziz et al. 2014,
Aziz et al. 2015, Aziz et al. 2015a, Aziz et al. 2015b, Aziz et al. 2015c, Aziz et al. 2016, Li
2016, Li et al. 2016, Mirza et al. 2016, Aziz et al. 2016a, Li et al. 2017, Mirzaghorbanali et al.
2017, Rasekh 2017, Rasekh et al. 2017, Rasekh et al. 2017a, Aziz et al. 2018, Aziz et al. 2018,
Yang et al. 2018, Aziz et al. 2019, Aziz et al. 2019, Li et al. 2019, Aziz et al. Dec 2017).
These studies have mainly focused on the behaviour of tendons under static loading conditions
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and still there is a lack of understanding of the shear characterisation of cables, in particular in
varying angle of installation as well as rock strength conditions. In addition, rockburst, defined
as the sudden or violent movement of strata due to energy release caused by mining,
particularly in deep mining and tunnelling has not yet been paid attention fully to understand
the performance of shear behaviour of tendon under dynamic loading conditions. And very
little is known about the shear performance of especially conventional rock bolts in high stress
ground conditions. Therefore, there is a need to fully understand the shear behaviour of ground
reinforcement systems using in underground mines as well as civil tunnels under different
loading conditions.

Key objectives
The aim of this research, therefore, is to investigate the shear behaviour of tendons under
different pretension loads at varying angles under static and dynamic loading conditions. The
main objectives of this study are as follows:
➢ Investigating the effect of Double Shear rig’s geometry through development of the
fourth generation of DS rig at the University of Wollongong (UOW),
➢ Evaluating the effect of different factors such as pretension load, cable bolt type, cable
bolt orientation at varying angles, surface profile roughness, concrete reinforcement,
shape of concrete, failure pattern, shear strength, and shear displacement at cable bolt
failure, on shear performance of cable bolts,
➢ Examining shear respond of conventional rock bolts under dynamic loading
conditions, and measuring energy absorption of the tendon through analysing the
impact as well as the mechanical response of the system,
➢ Developing a numerical model of fully grouted rock bolt using the MK-I double shear
testing rig based on impact load to compare the experimental results with results
driven from the model,

Research methodology
This research work is undertaken based on a series of laboratory tests as well as development
of a numerical modelling. Accordingly, the double shearing system was used in the laboratory
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to test rock bolts as well as cable bolts subjected to shearing under static loading conditions as
well as dynamic loading conditions. Static loading conditions was provided using the
INSTRON Universal Compression Machine with a pre-set loading rate of 1 mm/min.
Furthermore, dynamic loading condition was generated using a drop hammer testing rig. The
drop hammer machine used for this study was capable of creating maximum potential energy
at 23 kJ which is an equivalent to the drop velocity of 8.85 m/s. The drop hammer has a
weight of 592 kg and the maximum drop height can be up to 4 m. Both testing machines, used
for this piece of research are found in the Hi-Bay laboratory of the School of Civil, Mining
and Environmental engineering (CME), Faculty of Engineering, University of Wollongong.
The 3D finite element program ANSYS/ LS-DYNA was utilized to examine the shear
performance of fully grouted rock bolt under impact load.

Thesis outline
This thesis consists of eight chapters as following:
Chapter 1 is an introduction and background of the present research topic, illustrating the
problems and knowledge gaps existing in underground mines and civil tunnels in
understanding the mechanisms and performance of rock bolts and cable bolts subjected to
shear load in quasi-static and dynamic loading conditions.
Chapter 2 is an in-depth literature review of the primary and fundamental studies to find
performance details of cable bolts and rock bolts in static loading conditions. As a matter of
fact, a comprehensive review on bolting theories, failure modes, mechanism of reinforcement
system, experimental studies, and analytical descriptions of the load transfer mechanism when
rock bolting is subjected to shear loading will be given.
Chapter 3 gives a comprehensive and thorough investigations on the dynamic shear
performance of rock bolts through describing the ground support failure and rock mass
damage response in field burst-prone conditions. The important role of support system to resist
dynamic loading condition will be discussed as well as the current development of rockburst
and coalburst studies will be reviewed. Experimental, numerical, and analytical investigation
on the shear performance of rock bolts will be studied in detail.
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Chapter 4 the general test procedure of the Naj Aziz Double Shear Box (NADSB), known as
MK-IV double shear box is described and a series of double shear tests were carried out on
SUMO cable bolts and 15.2 mm Jennmar cable bolts in 40 MPa concrete blocks. Both plain
and indented cable bolts were tested under various pretension loads that are commonly found
in Australian mines. The influences of axial pre-tension load, the surface profile roughness
and concrete medium confinement were studied. The concrete medium confinement included
both externally clamped and a combination of both internal and external confinement. In
addition, the shear performance of different cable bolts used in Australian underground mines
and civil tunnels will be reviewed under varying angles of installation through using newly
designed double shear box.
Chapter 5 presents the experimental study of the influential parameters on the shear strength of
cable bolts subjected to dynamic double shearing test including sample preparation and test
procedure using the drop hammer machine.
Chapter 6 is devoted to numerical modelling to study the numerical behaviour of fully grouted
rock bolts under extreme loading condition and compare the results with the experimental
study to verify the model. Therefore, the same set- up for modelling was developed by LSDYNA to analyse the development of stress and strain conditions in the rock bolts and
concrete so as to be able to examine the mechanical response of the fully grouted rock bolt and
concrete under impact load.
Chapter 7 compares the performance of different double shear apparatuses as well as shear
responses for the SUMO and 15.2 mm Jennmar cable bolts tested in a series of double shear
tests using the MK-III rectangular double shear box and the circular MK-IV double shear box.
Furthermore, a comparison will be made between the performance of 15.2 mm Jennmar cable
bolts at varying angles of installation using MK-IV DS and the newly designed double shear
rig. Finally, a comparison between the dynamic response of 18 mm rock bolt tested in the
MK-I DS box and the 15.2 mm Jennmar cable bolt tested in MK-III DS box will be presented.
Chapter 8 includes conclusions and recommendations for future study in the topic will be
given.
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Literature review on ground support systems under static loading
condition
Introduction
The instability of the rock surrounding underground excavations and engineering tunnels is an
ever-present threat to both the safety of human life and equipment. To eliminate or minimise
these threats, it is necessary to understand the root cause of the instability of the rock mass in
underground structures.
It is widely believed that the rock mass movement cannot be prevented when creating an
excavation due to the lack of confinement and high deviatoric stresses. The surface
displacement enhances in the absence of ground support in newly formed free faces of
excavation. Today, however, there are strategies and methods available to mitigate the risk of
the ground falls. A significant measure to manage instability in underground excavations is
taking advantage of supporting systems in providing sufficient pressure at the excavation to
minimise the deformation of the underground excavation. Thompson et al. (2012) generalized
this relationship in Figure 2.1 as the “Ground Reaction Curve”.

Figure 2.1. Ground Reaction Curve adopted from (Thompson et al. 2012)
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Rock bolting is a widely used technique for rock mass reinforcement (Gerrard 1983, Barla et
al. 1988, Piguet et al. 1990, Brady et al. 1993, Ferrero 1995, Hutchinson et al. 1996, Hoek et
al. 2000, Harrison 2004). Rock bolts were first used in mining in the 1890s, with systematic
use documented at the St Joseph Lead Mine in the U.S. in the 1920s. Rock bolts were applied
to civil tunneling support in the U.S. and in Australia starting in the late 1940s in the famous
snowy mountain hydroelectric project. The use of tendon technology underground includes
mechanically anchored bolts, fully grouted bolts, and resin bolts (Fuller et al. 1993). In
Australia, since the successful application of the New Austrian Tunneling Method (NATM)
for tunnel constructions in the 1960s, the use of tendon technology is implemented as an
effective methodology in terms of safety and economy.
Two groups of reinforcements are adopted to reinforce the unstable rock mass, namely, rock
bolts and cable bolts. Rock bolts are applied immediately after excavation, as a primary
support system, to connect the fractured bedding plane to the immediate strata to create a
beam. On the other hand, to enhance the durability of the excavation, long cable bolts are used
as a secondary support system to connect and bind the bolted fractured zone to the higher
competent stratification layers. Shorter cable bolts have also been utilised as flexible primary
roof support, known as FLEXIBOLT, substituting the typical stiff rebar (Fuller et al. 1993). A
general view of the primary and secondary support systems is shown in Figure 2.2.

Figure 2.2. Typical view of primary and secondary supports system utilised in coal
mine roof adopted from (Goris et al. 1996)
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To have effective ground reinforcement and to ensure long-term stability is created in
underground engineering structures, it is necessary to study the metallurgical and strength
properties of tendons (Hutchinson et al. 1996). Due to the strata movement, tendons are
subjected to axial or tensile loading, shear loading, and a combination of axial/shear loading,
as shown in Figure 2.3.

Figure 2.3. In-situ loading of tendons adopted from (Hutchinson et al. 1996)
Axial loading testing, known as the pullout test, has always been an accepted testing method
to examine the tensile strength of tendons and load transfer capacity. This type of test is
relatively simple to design and perform both in the field and in the laboratory. Therefore, the
vast majority of available data on cable bolt performance deals with axial tensile testing
(Hutchinson et al. 1996). On the other hand, shear testing can only be performed in the
laboratory. There are two types of shear test methods, single and double shear. In the past few
years, both tests have been performed and results have been published widely (Aziz et al.
2003, Aziz et al. 2015, Aziz et al. 2015c, Li et al. 2017, Mirzaghorbanali et al. 2017, Rasekh et
al. 2017, Rasekh et al. 2017a, Aziz et al. 2018, Aziz et al. 2018).
This chapter will provide a systematic study of both single and double shear testing of cable
bolts and reviews the effective parametric on the performance of cable bolts under static
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loading conditions. Besides, the numerical and analytical studies of cable bolts under quasistatic loading conditions using the double shear testing method are discussed.

Load transfer mechanism
Understanding of how the load is transferred from one medium to another can play an integral
role in the efficiency of the performance of the reinforcement system. The load transfer
process in underground excavation begins with a movement of a reinforced rock block. The
concept of load transfer in a reinforced rock block was categorized into three fundamental
mechanisms by Windsor et al. (1994):
1. Rock movement which requires load transfer from unstable rock to the reinforcing
element.
2. Transfer of load via the reinforcing element from the unstable surface region to a stable
interior region.
3. Transfer of the reinforcing element load to the stable rock mass.
Four principal components were defined for any reinforcement system by Thompson et al.
(2012), shown in Figure 2.4. It was mentioned that the material surrounding the borehole, the
internal and external fixture are more likely to influence the performance of the reinforcement
than the element itself.

Figure 2.4. Components of the reinforcement system and their interactions adopted from
(Thompson et al. 2012)
The material movements cause the development of forces in reinforcement systems by which
deformations and discontinuity displacements will be limited. However, the first interaction
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between the reinforcement and the surrounding rock mass is activated with pre-tension during
installation. And then, with the movement of the surrounding rock, the interaction between the
internal fixture and the friction between the element and the external fixture will be activated.
Activated means development of forces between the components. A reinforcement system
needs to connect to a stable zone over the volume of material undergoing deformation and
displacement, thereby being an effective reinforcement system, as it is shown in Figure 2.5.

Figure 2.5. An effective reinforcement system adopted from (Thompson et al. 2012)
There is a wide variety of methods by which the load transfer between the rock and
reinforcing element may be achieved and many reinforcing devices have been developed.
Windsor et al. (1994) stated that the loading transfer mechanisms for all these devices can be
placed into one of the three categories defined below and shown in Figure 2.6:
1. Continuous Mechanically Coupled (CMC),
2. Continuous Frictionally Coupled (CFC), and
3. Discrete Mechanically and Frictionally Coupled (DMFC).
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Figure 2.6. Categories of reinforcing element load transfer adopted from (Windsor et al.
1994)

The development of cable bolts
Cable bolts are long, grouted, high tensile strength steel elements used to reinforce rock
masses (Brady et al. 1993). The use of cable bolts for ground reinforcement started in the
middle 1960s and Willroy mine in Canada and the Free State Geduld Mines Ltd in South
Africa were reported as being the first places that used cable bolts as a ground reinforcement.
The very first application of cable bolts in Australia dates back to the early 1970s, where it
was carried out in Broken Hill. The cable bolt reinforcement technique further was applied in
the slope of open pit mines. The application of cable bolts as a primary and secondary support
system has been a growing trend in underground coal mines worldwide (Fuller et al. 1993).
A cable bolt provides the mechanism for a rock mass to support itself, it is a flexible tendon,
containing a group of steel wires, twisted into a strand, and it is grouted into a borehole to give
high tensile strength. The performance of a reinforced element can be divided into three stages
based on the responses of reinforcement to loading:
1. Installation stage,
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2. Loading stage, and
3. Residual stage.
A conventional cable bolt is a flexible tendon consisting of several steel wires (general seven
wires). Six wires are laid helically around a slightly larger centre wire with a lay length of 1216 times the diameter of the final strand (Hutchinson et al. 1996). Figure 2.8 illustrates a cable
bolt element grouted in a rock mass. According to Hutchinson et al. (1996), cable bolts can be
used to support, reinforce or retain the rock mass around most excavations found at an
underground mine, including:
➢ Drifts and intersections,
➢ Open stopes backs,
➢ Open stope walls,
➢ Cut and fill stopes,
➢ Draw points, and
➢ Permanent openings.
Cable bolts as a reinforcement element prevent separation and slip along planes of weakness
in the rock mass. In combination with the screen, shotcrete, straps and other surface coverage,
the cable bolt reinforcement system also provides enough retention ability. It should be noted
that cables are one of the only options for support of inaccessible rock faces providing stability
and dilution control in the underground project by installation remotely into long boreholes.
Choosing a particular cable bolt depends upon the intended function of the cable bolt and the
access for installation. Figure 2.7 shows the performance of cable bolts as a combination of
reinforcement and holding functions.
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Figure 2.7. Function of cable bolts as reinforcement and retention element adopted
from (Hutchinson et al. 1996)
A stress change in the rock mass after the cable is installed can influence the anchorage
capacity of cable bolts. In order to reduce stresses on cable bolts, the borehole can be
expanded and if this expansion exceeds the roughness of the borehole wall there will be a loss
of anchorage. Therefore, this can be the reason for cables to be bulbed. In order to increase
stresses, there will be a mobilisation of an additional frictional strength that increases the
efficiency of the anchorage. For many years, the basic plain cable bolt has been used and a
number of various types of modified cable bolts were developed and applied in the field to
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overcome the insufficient behaviors’ of plain strand cable bolts including bad corrosion
resistance, low bond strength and stiffness. Plain cable bolts were further modified including
strands surface profiling and indentations (Schmuck 1979), double plain strand (Matthews et
al. 1983), epoxy-coat strand (Dorsten et al. 1984), fiber glass cable bolts (Mah 1994), birdcage
strand (Hutchins et al. 1990), bulbed strand (Garford 1990), and nutcage strand cable bolts
(Hyett et al. 1992). These main types of cable bolts were summarised by Windsor et al. (1994)
and shown in Table 2.1.

Figure 2.8. Cable bolt element adopted from (Hutchinson et al. 1996)
The development of hardware for cable bolting must be matched by improvements in design
philosophy and methods (Windsor 1997). Table 2.2 lists different types of cable bolt in the
Australian market supplied by Jennmar, Megabolt, and Minova including the cable bolt type,
manufacturer name, number of wires, and mechanical properties. According to different
production processes and nomenclature systems from different companies, the terminology of
a cable bolt profile could be divided into smooth/ plain wired cable strand and rough surfaced
wire strand. For example, indented cable bolt refers to rough surfaced wire strand in the
Jennmar catalogue, whilst Megabolt named it as Spiral. The “TTX” in the production of
Megabolt means that the cable bolt was torque tensioned for high load transfer and system
stiffness. For the hydraulically tensioned cable bolt, the stiffness was reduced to accommodate
shear in the field.
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Table 2.1. The structure development of cable bolt adopted from (Windsor et al. 1994)
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Table 2.2. Cable bolts used in Australia supplied by Jennmar, Megabolt, and Minova 2019
Cable type

Manufacturer

No.
of
wires

Yield
strength (t)

Tensile
strength (t)

Elongation
(%)

Diameter (mm)
(Bulb diameter)

Drill hole
diameter
(mm)

Goliath cable

Jennmar

19

87

99

5-7

28.6

35

SUMO plain

Jennmar

9

58

65

5-7

28

42

SUMO
indented

Jennmar

9

57

63

5-7

28

42

TG bolt

Jennmar

9

57

63

5-7

28

42-45

Bulbed
Superstrand

Jennmar

19

53

60t

30

21.8 (35)
21.8 (38)
21.8 (48)

35
42-45
52-55

Plain
Superstrand

Jennmar

19

53

60

6-7

21.8

27-28

Bowen cable

Jennmar

19

53

60

6-7

21.8
(32-38)

42-45

Indented
Superstrand

Jennmar

19

53

58

6-7

21.8

27-28

6*2

50

53

15.2 twin

52-55

75
61
92

81
72
108

5

15.2 triple
18 twins
18 triples

55-65
52-55
55-65

Twin and
triple strand
cables

Jennmar

MB7-TTX

Megabolt

7

43

48

5-6

22

27

MB8.5-TTX

Megabolt

7+1.
5

54

58

5-6

24

28

6*3

19

MW8.5S-GF
Megaflex
MW8.5S
Megaflex
MB9P-TTX
Megastrand
MW9P
Megastrand
MB9S
Megastrand
MB10P-TTX
Megastrand
MW10P
Megastrand
MB12
Megastrand
Secura™
Hollow cable

Megabolt

8+1

54

58

-

27 (36)

42-45

Megabolt

7+1.
5

54

58

5-6

24

28

Megabolt

9

56

62

5-6

31 (36)

42

Megabolt

9

56

62

5-6

31 (36)

42

Megabolt

9

56

62

5-6

31 (36)

42

Megabolt

10

62

70

5-6

31 (36)

42

Megabolt

10

62

70

5-6

31 (36)

42

Megabolt

12

74

82

5-6

35 (46)

52

Minova

9

56

63

4-7

30 (36)

52
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Cable bolt installation in borehole
There are two methods for installation and grouting of cable bolts into drill holes as shown in
Figure 2.9. One is the traditional method which is shown on the left and known as the
“breather tube method”. In this method, the grout would be injected into the drill hole upward
and injected into the bottom of the hole with a large diameter tube. Meanwhile, the air would
be sucked out through the small tube bonded onto the cable strand. Both tubes and the cable
are sealed into the bottom of the hole by a plug of cotton or quick setting mortar. A high
water/cement ratio (≥ 0.4) is adopted in this method to increase the flow-ability of the
grouting. In this way, the grout tends to avoid air gaps from any slump of the grout. However,
it is difficult to seal the collar of the drill hole and to detect the moment of grout filling the
drill hole.
An alternative method, named as the “grout tube method”, is shown on the right hand of
Figure 2.9. Grout is injected to the top of the drill hole, through the tube which extends to the
end of the hole and is taped onto the cable bolt. The process of grouting is finished once the
consistently thick grout appears in the collar of the hole. The cable and tube are held by a
wooden wedge inserted into the collar. A viscous mix is used (0.3 to 0.35 water/cement ratio)
to reduce the danger of slump empties being formed. It should be noted that this wedge is not
applied in the down-hole grouting. This method simplifies the process of grouting and reduces
the number of components required. Variations on the grout tube method, such as the retracted
grout tube method, grout and insert method, are also conducted in coal mines.
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9mm bleed
tube

Figure 2.9. Alternative methods for grouting cables in up-holes adopted from
(Hutchinson et al. 1996, Hoek 2000)
Hoek (2000) stated that modified cables, such as birdcage, ferruled or bulbed strand, should be
grouted using a 0.4 water/ cement ratio mix to ensure that the grout is fluid enough to fill the
cage structure of these cables. Therefore, the breather tube method must be used for these
types of cables.
However, with these traditional installation methods mentioned above, the application of pretension was not possible. To overcome this problem, new hollow cable bolts and installation
methods have been designed and the process is shown in Figure 2.10. In the new cable bolt,
the top part of the cable is manufactured without the middle pipe and this part is grouted into a
drill hole with a resin sausage which provides immediate roof support. After installation, the
cable bolt can be soon pre-tensioned to 25 tonnes by a hydraulic jack. And then, the cement
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grout is pumped upwards via a large diameter internal steel tube and the drill hole is filled by
slumping grout from top to bottom.

Figure 2.10. Installation and pre-tension of MW9S Megastrand procedure adopted from
(Megabolt 2019)
Grout characteristics
It has been reported that the Australian mining and construction industry annually uses around
7.5 million bolts including rebar and cable bolts (Aziz et al. 2014). The installation of these
supporting elements is undertaken using chemical resin and cementitious grouts. Grout/resin is
one of the principal components of a reinforcing system as it acts as an adhesive material to
bond the cable bolt to the rock mass surrounding the borehole, to provide the mechanism for
transferring force between the cable bolt and the surrounding rock mass through the shearing
forces within the grout. Li (2016) stated that grouting is the most effective internal fixture due
to its high stiffness and great reliability.
Aziz et al. (2014) studied the integrity of various properties of chemical resins as well as
cementitious grouts used in Australian mines to establish a general practice standard for
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examining the mechanical properties of resin/grout. It was mentioned that all methods used in
evaluating the mechanical properties of both grout and resins used in Australia are reliant on
the American, British, and South African standards. Therefore, there is neither a uniform nor a
united methodology of testing in Australia. Mechanical properties of resins/grout can be
evaluated based on the available standards worldwide:
➢ American Standard for Testing Materials (ASTM) F 432-10: Standard Specification
for Roof and Rock Bolts and Accessories,
➢ British Standard BS 7861: Strata Reinforcement support system components used in
Coal Mines-Part 1. Specification for rock bolting (2007) and Part 2: Specification for
cable bolting Flexible systems for roof reinforcement,
➢ South African National Standard SANS 1534, and
➢ International Society of Rock Mechanics (ISRM) 2007.
Based on the abovementioned standards, the evaluation of the mechanical properties of
resin/grout normally includes the determination of:
✓ Uniaxial Compressive Strength (UCS),
✓ Modulus of Elasticity in compression (E),
✓ Shear strength (τ), and
✓ Creep or Rheological properties.
Different specimen shape and size is recommended by different standards to evaluate the UCS
and Young’s modulus of resin/grout.
In Australia however, different specimen shapes including cylinder and cube are used for
compression strength tests. Some manufacturers, such as Orica recommend using 40 mm
cubic grout specimens for determining the UCS strength for chemical resins, whilst Jennmar
recommend 50 mm. Hagan et al. (2015) studied the behaviour and performance of fully
grouted cable bolts used in Australian mines under axial loading conditions. In this study,
cubic and cylindrical specimens were cast to examine the UCS of the grout. The cylindrical
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Table 2.3 summarizes different specimen sizes and shape recommendations.
In Australia however, different specimen shapes including cylinder and cube are used for
compression strength tests. Some manufacturers, such as Orica recommend using 40 mm
cubic grout specimens for determining the UCS strength for chemical resins, whilst Jennmar
recommend 50 mm. Hagan et al. (2015) studied the behaviour and performance of fully
grouted cable bolts used in Australian mines under axial loading conditions. In this study,
cubic and cylindrical specimens were cast to examine the UCS of the grout. The cylindrical

Table 2.3. UCS recommendation sample test size and shape
Standard name
ASTM C579
BS 7861:2007

UCS
Cube: 40 mm
Prism:12.5x12.5x25 mm3

Fast set time

Cube: 50 mm

Slow set time

ISRM

Cylindrical with 54 mm in diameter and 135 - 162
mm in height (Slenderness 2.5 – 3.0)

SANS

Cylinders of H/D ratio of 2:1

samples were prepared based on ISRM requirements for UCS having a 54 mm diameter and
being 134 mm in height. Also, cubic samples with dimensions of 50 mm were cast based on
the Australian Standard testing of soil samples. In this study, Stratabinder was chosen as the
grout material for embodiment of the cable bolt in the borehole and anchor tube due to its low
shrinkage and viscosity. Four different w:c ratios of 0.35, 0.38, 0.42, and 0.45 were selected to
examine which w:c ratio could provide the strength of 60 MPa. It was found that the strength
of the grout varied with the w:c ratio as it is shown in Error! Reference source not found..
By increasing the water to cement ratio, the strength of the grout will decrease. Also, they
compared their results with published data from Orica’s technical data, and it was found that
because of the difference in specimen size, the UCS results were slightly different.
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Figure 2.11. Stratabinder strength variation with water to cement ratio ( Hagan et al. 2015)
Aziz et al. (2014) summarized several methods that can be used to examine the shear strength
of resin/grout along with an explanation for each method, shown in Figure 2.12. In this study
UCS, E value in compression, creep and rheological properties were investigated. It was found
that the highest UCS value was achieved through using the 40 mm cubic sample of resin and
the lowest was obtained using a cylindrical diameter of 40 mm with a H/D ratio of 2:1. Figure
2.13 illustrates the UCS results for cubic and cylindrical specimens used in this study.
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Figure 2.12. Laboratory methods of testing of shear strength of resin and grout adopted from
(Aziz et al. 2014)
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Figure 2.13. UCS results for Cubic samples and cylindrical samples with one day old
adopted from (Aziz et al. 2014)
Three methods for measuring the young’s modulus of resin were suggested including, 40 kN
range, Tangent, and Secant modulus. The E value from the former method, however, was not
recognised by other credited methods shown in Figure 2.14a. Tangent and Secant methods
were seen to have a lower E value. Tangent and Secant modulus were defined as Figure 2.14b.
It was found that the E value increased as the resin sample curing time increased from 7 to 21
days. Also, indicating that the E value for the cubical sample was higher than that in the
cylindrical specimens at various curing times.

Figure 2.14. Measurement of E value from load-displacement (compression) testing, a)
40kN range, b) Tangent and Secant adopted from (Aziz et al. 2014)
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Mirza et al. (2016) studied the uniaxial compressive strength, elastic modulus, and creep of
two commonly used grout products in the Australian coal mining industry, namely, Jennmar
Bottom-up 100 (BU100) and Orica’s Stratabinder HS. The UCS tests were performed using 50
mm cubic samples with various curing times ranging from 1 to 28 days. It was found that the
UCS strength of BU100 and Stratabinder HS increased with longer sample curing times and
Stratabinder HS failed relatively in a higher compression load compared to BU100. The UCS
result for BU100 and Stratabinder HS are shown in Figure 2.15.

Figure 2.15. UCS strength of BU100 and Stratabinder HS at different curing time
adopted from (Mirza et al. 2016)
Young’s modulus was determined through three different methods including Secant, Tangent,
and 50 kN range under cyclic loading rate of 1 mm/min. It was found that the E value for
Stratabinder HS was higher when compared with BU100. The E value ranging from 2.63 to
4.33 GPa, shown in Figure 2.16.
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Figure 2.16. The E value comparison for BU100 and Stratabinder HS adopted from
(Mirza et al. 2016)

Review of shear behaviour of tendon under static loading
Background
As explained before in section 2.1, there are diﬀerent mechanisms of cable bolt failures; axial,
shear or the combination of axial and shear failures, shown in Figure 2.3. Failure of cable bolts
are a combination of axial and shear. Cao (2012) described that the axial failure in cable bolts
depends mostly on the strength and characteristics of the cable bolt, rather than the strength of
the grout and rock mass. The cable bolt failure occurs when the optimum required support will
be higher than the strength of the cable bolt. Due to the smaller eﬀective area, the shear
strength in the bolt-grout interface is diﬀerent from the grout-rock interface. The strength or
weakness of bonding between the grout and cable varies depending on the strand wires’
surface roughness and cleanliness. There are diﬀerent methodologies available to evaluate the
performance of cable bolts, including pull-out and shear tests. Pull-out testing was
comprehensively reviewed by Khaleghparast (2017).
An extensive literature survey reveals that there is a general lack of information on in-situ
shear testing of cable bolts and the only method used for evaluating shear characteristics is by
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laboratory testing using the single shear testing method based on the British Standard
(BS7861- Part 2) (2009). However, recently there has been an increasing application of cable
bolts for ground reinforcement in mines and tunnels, with a growing interest in their shear
behaviour and load transfer characteristics for support design under in-situ conditions. To
meet this challenge, two new testing techniques were recently developed to shed light on the
load transfer capacity as well as cable debonding characteristics, the Megabolt Integrated
Single Shear Testing Rig (MIBSSTR) reported by McKenzie et al. (2015) and Aziz et al.
(2018) and the Double Shear Testing Rig (DSTR) by (Aziz et al. 2003, Craig et al. 2010, Aziz
et al. 2014, Aziz et al. 2015, Aziz et al. 2015a, Aziz et al. 2015b, Aziz et al. 2015c, Aziz et al.
2016, Aziz et al. 2016a, Mirzaghorbanali et al. 2017, Rasekh et al. 2017a, Aziz et al. 2018).
Both rig types were designed to test tendons installed in concrete blocks for strength
characteristics. Yang et al. (2018) and (2019) described the various factors affecting shear
characteristics of the different cable bolts. Test results from these two rig types are considered
as a convenient approach in providing suitable information to simulate closely cable bolt
behaviour in shear to suit underground support design for different conditions.
In this section, a systematic review will be given regarding the performance of cable bolts
undergoing both single and double shear testing under static loading conditions.
Previous shear testing apparatus
To evaluate the shear performance of cable bolts as well as rock bolts, two methodologies are
available, including the single shear test and the double shear test. The only difference
between these two methods is the number of joint faces available in the shearing process.
Table 2.4 illustrates the apparatus and test methodologies that were used to perform both
single and double shear testing on rock bolts and cable bolts.
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Table 2.4. Summary of apparatus and test methodologies used in the literature to study the
shear performance of bolts
Methodology

Test arrangement

Comments

Single shear test
by (Dulacska
1972)

It was suitable for only
thin bolts due to small
shear movement and
limited size of concrete.
The effect of friction was
not ignored. No
pretension could be
applied.

Single shear test
apparatus by
(Bawden et al.
1992)

Standard cable bolts and
modified cable bolts
were tested in different
installation angles. Cable
bolt was grouted in a
small pipe of
75 mm
in diameter. This
apparatus could not reach
the maximum capacity of
cable bolts in most cases.

Direct shear test
by (Goris et al.
1996)

With this test pretension
could not be applied and
the friction was still
effective. Absence of
tightening mechanism.
full contact between the
cable and the two
concrete blocks through
grouting.
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Single shear
apparatus without
friction by
(Ferrero 1995)

The effect of friction was
eliminated as there was
no contact between the
shear boxes. However,
no end constraint was
applied to cable bolts.

British Standard
single shear
apparatus by
(Standards 2009)

The bolt was grouted into
two separated steel pipes.
Immature failure of the
bolt due to the stiffer
contact between steel
pipes and bolts. No end
constraint structure,
pretension could not be
applied. The steel pipes
lengths are limited.

Single shear test
apparatus by
(Mahony et al.
2006)

Friction is effective,
which could affect the
results. The process of
the test set up is
complex.

Megabolt single
shear test
apparatus by
(McKenzie et al.
2015)

No friction between the
joints. Peak test was
similar with the field
results. The sample
length was reached at
1800 mm or 3600 mm,
which makes it difficult
to set up. Debonding
partially occurred during
the test. steel clamps use
to provide radial
confinement to the
concrete during shearing
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Double shear test
rig MK-I by (Aziz
et al. 2003)

Bolt can be encapsulated
inside concrete blocks
which represents the host
strata; bolt can be
pretensioned prior to
shear loading; borehole
can be replicated with
rifled effect; contact
between shear plane;
only bolt can be used due
to its limited dimension
of the concrete samples;
lack of confining
pressure; no debonding;
mechanically anchored

Symmetric Double
shear by (Grasselli
2005)

Different installation
angles can be studied;
only thin weak bolts can
be loaded to failure due
to the collapse of
concretes; samples are
very big as 600 x 600 x
1000 mm3. Symmetric
setup intrinsically avoids
rotation of concretes
during shearing; effect of
friction.

Double shear test
rig MK-II by
(Craig et al. 2010)

Tendon can be
encapsulated inside
concrete blocks which
represents the host strata;
bolt can be pretensioned
prior to shear loading;
borehole can be
replicated with rifled
effect; contact between
shear plane (friction
effect); lack of confining
pressure; no debonding;
mechanically anchored. .
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Similar with MKI and
MKII except with no
friction on shear faces.
The rig fitted with lateral
truss system to eliminate
friction between the
joints.

Double shear test
rig MK-III by
(Mirzaghorbanali
et al. 2017)

Effective parameters on the performance of cable bolts in shear
Pellet et al. (1996) asserted that the effectiveness of rock bolts is reliant on various parameters,
which must be considered for the stability analysis of reinforced rock structures. It was
mentioned that the most significant parameter is the nature and the condition of the rock mass,
bonding conditions and the type of reinforcement element. Li (2016) also stated that the
strength of rock/concrete has a strong influence on the stress distribution on the tendon when
placed across a joint face. The shear capacity of the bolted joint varies with respect to the
strength of the medium. Spang et al. (1990) reported that the shear capacity of a bolted joint
was higher in soft rock in comparison to hard rock and that this feature could be observed in
tests of three different types of rock, including granite, fine-grained concrete, and sandstone
with a UCS of 100, 35, and 10 MPa, respectively. The results are shown in Figure 2.17.
Furthermore, it was found that the bolt diameter was an effective parameter with regard to
shear resistance of rock bolts since the maximum shear force and displacement were
proportional to the bolt diameter.
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Figure 2.17. The influence of rock quality on shear resistance capacity of rock bolt
adopted from (Spang et al. 1990)
With regard to the stress-strain relationship during shearing in hard and in soft rock
environments, Ferrero (1995) experimental and numerical studies enabled the determination of
two different failure mechanisms; one being on the combination of shear and tensile stresses at
the joint intersection in hard rock and the other in weaker rock, which is being attributed to a
combination of tensile stress and bending moments at the plastic hinge points of the shearing
joint planes.
Hartman et al. (2003) studied the last 30-year history of the development in understanding of
the performance of rock reinforcement elements under shear loading through laboratory
testing. Critical review and analysis of the achievements and outcome of the past studies were
highlighted. In this study, the influencing parameters, which had been investigated through
laboratory experiments were studied and grouped under the following sub-headings, shown in
Table 2.5.
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Table 2.5. The influencing parameters on the performance of rock bolts in shear adopted from
(Hartman et al. 2003)
Rock mass

The reinforcement element
system

Joint opening/aperture

Hole size

Joint surface
roughness

Hole roughness

Joint strength

Bolt diameter

Dilatancy during
shearing
Deformability of host
rock
Rock deformability
versus bolt
deformability

Type of grout
Thickness of grout collar
Grouted versus un-grouted bolt

Loading conditions
Pre-loading of bolts
(tensioning and torque)
Normal stress on the
shear surface
Shear displacementinduced tension
Dilatancy-induce tension
during shearing
Magnitude of shear
displacement
Deformed length of the
bolt

Fully bonded versus pointanchored bolt
Bolt material and its strength
and deformability
Bolt deformability versus rock
deformability
Inclination of the bolt
Tension force in the bolt
Deformed length of the bolt
Li et al. (2017) compared shear test results of a cable bolt under different laboratory test
apparatus using single and double shear rigs. It was found that shear test apparatuses were
different mainly in the following aspects:
➢ The consideration of joint friction or not,
➢ The size of rock or concrete samples,
➢ The constraint condition of rock or concrete samples,
➢ The availability of different installation angles of bolts,
➢ The availability of applying pretension load to bolts, and
➢ The constraint condition of the bolt ends.
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It was emphasized that when a new laboratory shear test rig is going to be developed, attention
needs to be placed on some factors including bolt debonding, joint friction, boundary
condition, bolt installation angle, and contact condition between the bolt and the steel mould.
Mirzaghorbanali et al. (2017) developed a double shear testing assembly, known as MKIII
shown in Table 2.4, to determine the pure shear strength of cable bolts by providing lateral
bracing. It was found that the ultimate tensile strength, lay length, number of wires, surface
proﬁle type (plain, spiral and indented) are important factors in the performance of cable bolts
in shear.
Yang (2019) stated that several factors could affect the performance of ground reinforcements
with cable bolts including cable bolt pre-tension axial load, cable wire roughness, angle of
installation, grout type, loading rate and loading time (creep effect), the strength of the
medium and medium confinement. It was further explained that tendon shearing embedded in
strata is influenced by four interacting principal component factors, such as the rock, the
element, the internal fixture, and the external fixture, as shown in Figure 2.18.

Figure 2.18. Influence of factors in shearing investigation adopted from (Yang 2019)
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Review of experimental studies on the shear performance of cable bolts
Stillborg (1993) conducted a series of single shear tests to study the shear behaviour of fully
grouted cable bolts. The shear strength of the grouted cable bolt was significantly higher when
the angle of the cable to the joint surface was 45° compared to 90°.
Goris et al. (1996) conducted a series of direct shear tests on 15.24 mm diameter cable bolts.
The result from the single shear test was higher than the double shear test for the same type of
cable bolt. Also, it was reported that it is possible to double shear resistance in the jointed
surfaces by installing cable bolts across jointed surfaces.
Aziz et al. (2005) measured the eﬀect of resin thickness on the load transfer capacity from bolt
to the grout and concrete blocks as well as bending behaviour of fully grouted bolts placed
across joints in the post-failure region. All tests were undertaken on 20 and 40 MPa concrete.
It was concluded that by increasing the resin thickness, the load transfer capacity of the rock
bolt subjected to axial loading (pulling or pushing) decreased. Also, the shear load resistance
was found to be more dependent on the concrete block strength rather than the resin thickness.
Grasselli (2005) studied the various mechanical responses of full steel bars using a new
laboratory set-up, as it is shown in Table 2.4, to reproduce the field conditions. It was reported
that the maximum load mobilised by the rock bolt occurred for an initial inclination to the
joint in the range of 30–60°, shown in Figure 2.19. The distance between the hinges was
nearly constant for 15–45° initial bolt inclination, ranging between one and two bolt
diameters.
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Figure 2.19. Influence of the angle between the bolt and the joint on the mechanical
response of reinforced joints adopted from (Grasselli 2005)
The British Standard (BS7861- Part 2) (2009) has been widely applied for the evaluation of
the shear strength of cable bolts. The general assembly of single shear apparatus is as
suggested by the British Standard (BS7861- Part 2) (2009). However, this instrument is indeed
a guillotine box whereby the encapsulated cable bolt is sheared in a cylindrical steel frame.
Aziz et al. (2016a) reported the following drawbacks in the British Standard system as
follows:
➢ The shear strength is underestimated as the cable bolt is in the passive form (i.e., no
pretension),
➢ The metal to metal pinching contact during shearing affects the determination of the
pure shear strength of cable bolts,
➢ The cable bolt confinement condition (i.e., encapsulation in metallic cylinders) does
not replicate the field conditions of host strata.
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Craig et al. (2010) proposed a large-scale double shearing, known as MK-II, shown in Table
2.4, for determination of cable bolt shear strength through modifying the concept of the smallscale double shear test (MKI) as suggested by Aziz et al. (2003).
Aziz et al. (2014) and (2015c) compared the performance of plain and spirally profiled cable
bolts using MKII double shear apparatus in which there is contact between concrete block
shearing faces. The double shear test results were higher compared with the British Standard
(BS7861- Part 2) (2009) single shear test results. Also, the shear strength of spirally profiled
cable bolts was lower compared with the plain cable bolts. Figure 2.20 illustrates a comparison
between single and double shear test conducted on Super Strand used in this study.

Figure 2.20. Comparison between single and double shear test adopted from (Aziz et al.
2015c)
Li et al. (2016) carried out double shear tests using fully grouted rock bolts to investigate the
bearing capacity of combined reinforced rock bolt and surface support systems. The concrete
blocks were covered with a 5 mm layer of Thin Spray-on Liners (TSL) followed by a 50 mm
layer of shotcrete. It was found that shotcrete could resist a shear load and TSLs enhance the
bond strength between the shotcrete and the substrate. However, the best performance was
obtained when all three support elements worked together as shown in Figure 2.21. It was also
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found that rock bolt shear deformation is a function of the stiffness of the rock support system.
However, the double shear test was undertaken in an un-confined situation, and this will lead
to early stage cracking of concrete during shearing.

Figure 2.21. Shear load and vertical displacement relationship with various support
systems adopted from (Li et al. 2016)
Rasekh et al. (2017a) conducted 13 double shear tests using a newly modified double shear
apparatus, known as MK-III (Table 2.4). The double shear tests were carried out in 40 MPa
concrete blocks using 21 mm diameter Superstrand cable, Plain SUMO, Indented SUMO,
Spiral MW9, and Plain MW10 cable bolts were tested. The results show that the peak shear
load and the corresponding shear displacement decrease by increasing the pretension load of
the tested cable (Figure 2.22). The ultimate tensile strength, lay length, number of wires and
cable bolt surface profile type (plain and spiral/indented) were found to be important factors in
the total shear strength of the cable bolt.
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Figure 2.22. Effect of pretension load on peak shear load using MK-III double shear
apparatus adopted from (Rasekh et al. 2017a)
Mirzaghorbanali et al. (2017) developed a double shear testing assembly known as MK-III
(Table 2.4) to determine the pure shear strength of cable bolts by providing lateral bracing.
The lateral bracing is intended to avoid contact between concrete blocks during shearing. The
results of shear testing of cable bolts obtained from MK-III were compared with MK-II. The
MK-III results were lower than those of MK-II as the friction between concrete blocks was
omitted. In this study, five diﬀerent types of cable bolts, with various pretension loads, were
tested to investigate the inﬂuence of surface proﬁle type and pretension load on the shear
strength of the cable bolt. It was found that plain cable bolts had higher peak shear load
compared with indented and spiral strand cable bolts. The results are shown in Figure 2.23.
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Figure 2.23. Peak shear loads of diﬀerent types of cable bolts subjected to no
pretension to 150 kN pretension load adopted from (Mirzaghorbanali et al. 2017)
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The shear displacement and peak shear load decreased by increasing the pretension load, as
shown in Figure 2.24.

Figure 2.24. Eﬀect of pretension load on peak shear load adopted from
(Mirzaghorbanali et al. 2017)
Aziz et al. (2018) carried out a set of single shear tests on fully encapsulated cable bolts using
a newly developed and integrated Megabolt single shear test apparatus, shown in Table 2.4.
The instrument is designed to determine the pure shear strength of cable bolts where there is
no contact between the host body faces during the shearing process. Eight different types of
cable bolts were encapsulated in 40 MPa concrete cylinders, using Stratabinder HS grout.
Before encapsulation, cable bolts were pretensioned at the desired value using a manual
pretensioner. Effects of surface profile, pretension value and debonding on the shear strength
of cable bolts were investigated. It was found that the shear strength of spiral/indented cable
bolts was lower than that of plain cable bolts. Increasing the pretension load decreased the
peak shear load of cable bolts, shown in Figure 2.25.
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Figure 2.25. Effects of pretension loads on peak shear load of cable bolts adopted from (Aziz
et al. 2018)
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Figure 2.26. Effects of cable bolt profile geometry at (a) 0.2 t and (b) 15 t pretension adopted
from (Aziz et al. 2018)
The effect of the cable bolts profile geometry on the shear strength of the cable bolts was
evaluated as shown in Figure 2.26. It was found that Secura HGC and plain MW10 achieved
the highest shear load strength of all cable bolt types. The comparison between the
performance of plain MW10 and spiral MW9 and plain and indented SUMO indicates that the
plain cable bolt had a higher shear strength when compared with the spiral type, irrespective of
the cable type, because of a mass reduction due to indentation. One important factor in higher
value results of plain MW10 and Secura HGC was attributed to increased cable strand wires
lay length of 600 and 500 mm respectively, and greater wire diameters compared with other
types of cable bolts. Also, these two cable types have a higher UTS (uniaxial tensile strength).
In general, no debonding was observed in the spiral and indented cable bolts because of higher
interlocking in the cable/grout interface; however, all tested plain cable bolts were debonded.
Debonded cables peak shear load displacement was greater, and the debonded cable wire
failure mostly occurred in tensile mode characterised with cone and cup failures. Also, the
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application of confinement to the tested concrete/host medium contributes to the minimisation
of the radial cracks, thus reducing the possibility of the cable behaving as debonded with
increased shear displacement. Aziz et al. (2018) reported on various methods for shear testing
of rock bolts and cable bolts using different shear testing rigs, some of which have been
developed by the rock bolting research team at the University of Wollongong. It was
concluded that the choice of the method for testing cable bolts in shear is governed by the
relevant factors that influence the outcome of the testing, irrespective of the methodology of
testing. Furthermore, it was stated that effective medium confinement of the concrete cylinders
during shear testing reduces the chances of radial crack occurrence with less vertical shear
load travel resulting in cable failures closer to shear rather than failure in tensile. Also, it was
noted that under the same testing conditions, plain cable bolts appear to de-bond much more
readily than indented cable bolts when tested in the single shear testing machine with an equal
length of encapsulation. Also, both the single shear and double shear testing methodologies
will result in the same outcome if there is no de-bonding, and proper confinement is applied.
Figure 2.27 shows the comparison between the test results of the double shear (MK-III) and
single shear tests which shows good agreement in rough surface profile cable bolts, however,
there is a big variance between results in smooth surface cable bolts Pure shearing of cable
bolt wires is possible if the cable strand confinement is strong enough so that the cable bolt is
sheared in the pseudo-guillotined state with undergoing a minimum bruise.
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Figure 2.27. Comparison of single shear and double shear test without friction
surfaces (MK-III)
Effective factors on wire strength
It has been said that wave propagation in a multiwire cable is more complex than in a steel rod
(Washer et al. 2002, Haag et al. 2009, Baltazar et al. 2010, Bartoli et al. 2012). The reason is
due to the strand helical geometry and the influence of axial pre-stress (Bartoli et al. 2012).
Baltazar et al. (2010) claimed that a first step toward an understanding of wave propagation in
multiwire cable is to examine the propagation in a single wire using the Pochhammer-Chree
theory. In addition, the results on a steel rod are being used as an approximation to examine
the wave propagation in multiwire cable (Bartoli et al. 2012). There is some phenomenon that
could affect the wave propagation in multiwire cables that are not yet understood fully
including mode coupling phenomenon with adjacent wires, mechanical contact among the
wires, helical effect, and acousto-elastic phenomenon. Bartoli et al. (2012) studied the
dispersion properties in progressively loaded seven wires strands accounting for helical
geometry and inter-wire contact forces using full 3D finite element simulations in Abaqus and
semi-analytical models to predict the dispersion curves in strands as a function of the axial
stress as shown in Figure 2.28.
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Figure 2.28. FEM model of high strength steel seven-wire strands- Contact stresses on
an adjacent strand wire adopted from (Bartoli et al. 2012)
It was found that there is an energy leakage in adjacent wires due to contact forces. This was
found through comparing the results from a single wire with multiwire cable. In a single wire,
wave propagation guided was found to be equal during loading and unloading the system as
there was no interruption or dispersion. However, in multiwire cable it was seen a new mode
was appeared during loading and unloading the system which was believed to be the main
reason for the energy leakage in adjacent wires due to contact forces, this phenomenon was
also proved by Rizzo (2006). Another study undertaken by Baltazar et al. (2010) discussed the
effect of mode coupling and inter-wire mechanical contact on longitudinal modes of guided
waves. It was found that when there is a cut or damage on the surface of a cable wire, the
amplitude of the longitudinal mode increases instead of decreasing. In a further examination of
the test cable, it was seen that in the experiments, cutting into cable wires not only introduced
discontinuity in the wave propagation, but as the external wires were cut off the cable structure
relaxed (losing tightness). This further explained that this phenomenon shows the degree of
mechanical contact among the single wires, and thus could affect the way and how the energy
transfers along the cable and among wires. Accordingly, Haag et al. (2009) developed a model
based on non-dispersive energy propagation between an active rod with a propagating
ultrasonic pulse to a passive rod. It was found that the more mechanical contact between the
rods the more energy can be transferred. Meaning that mechanical contact between the wires
can play a significant role in energy exchange between neighbouring wires. Based on this
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model Baltazar et al. (2010) mentioned that the amount of energy transfer is a function of the
radial displacement at the surface of the individual wires. In other words, the amplitude of
displacement at the surface of the single wires controls the mechanical coupling among the
wires. Based on this explanation, in the current study, the wires in the 15.2 mm Jennmar cable
bolts are in contact with one another through their peripheries and when a load is exerted on
the system due to the structure of the cable, wires start squeezing each other in a fraction of a
second which can then lead to an appearance of damage on the surface of wires at the joint
shear face. This damage can increase the longitudinal wave propagation in the wire which end
up leading to premature failure of the wires, which ultimately means less energy will be held
in the system. A study done by Rizzo (2006) addressed an experimental investigation on the
ultrasonic wave propagation in seven-wire strands loaded at different stress levels. It was
found that waves in cylindrical waveguides undergo higher attenuation when they propagate
along curved waveguides. Meaning, wave attenuation can increase with an increase in
curvature. It was also found that a tensile load increase generates a linear reduction of the
transmitted ultrasonic energy in terms of the amplitude of the frequency peak and in terms of
the area under the energy spectrum.
Wire surface roughness varied from simple button shape indented to spiral formations as
described by Tadolini et al. (2012) and McKenzie et al. (2015). The rough wired cable bolts
were also made with bulb and birdcage deformations as per plain cables as reported by
Tadolini et al. (2012) and Thomas (2012). Invariably the performance of cable load transfer
capacity was primarily based on pull-out tests, both in the field and in the laboratory. The
performance of indented cable was found to be superior in anchorage compared to plain
cables. Aziz et al. (2018) found that Plain wire cable bolts have a higher peak shear load
compared with the indented cable bolts. Figure 2.29a shows the cross-section views of both
the MW9 Spiral and MW10 Plain wires with both wires having diameters of 7 mm. However,
it was seen that some minor strength reduction may occur due to the rifling or spiraling
process during manufacture but no weight loss. Figure 2.29b shows the load-displacement
profile variations of other manufactured cable strand wires, where up to 10 % weight and
strength loss can occur during the indentation process.

51

Figure 2.29. MW10 plain and MW 9 spiral wires with both wires of 7 mm in diameter adopted
from (Aziz et al. 2018)
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Yang et al. (2019) found that in shear testing of indented cables, peak share load failures
behave contrary to the normal failure behaviour. It was stated that the gradual strength loss
with each wire failure in an indented cable strand may not lead to subsequent peak shear
failure of the remaining strands in decline (Figure 2.30). This failure behaviour is
characteristic of indented cables and occurs irrespective of the test method used (single shear
or double shear test).

Figure 2.30. Shear testing of (a) plain and (b) indented cable bolts in 40 MPa concrete
subjected to 10 t pretension load adopted from (Yang et al. 2019)
Accordingly, in this study, all wires in a tested cable strand were fitted with strain gauges.
Each instrumented wire was individually colour coded to assist in determining the location of
the wires in the strand circumference with respect to the direction of shear (a full explanation
will be given in Chapter 4). It was seen that the wires failing early were located on the upper
segment of the bent strand during shearing process, indicating that the indentations introduced
stress concentration spots on the wire, causing the strand wires to fail prematurely with less
tolerance to bending than smooth wired cable. Furthermore, to demonstrate the strength
performance behaviour under different test environments, three 400 mm long sections of the
same cable bolt wire were cut and subjected to various stress environments including impact
punch, spot-welded, and intact as shown in Figure 2.31a.
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Figure 2.31. (a) Impact free and stressed wires, (b) post-test wires adopted from
(Yang et al. 2019)
All three wires were then pull tested to failure using the 50 t capacity Instron universal testing
machine. The tested wires are shown in Figure 2.31b. The peak failure load of the intact wire
was 69 kN, the failure load of the punched wire was 67 kN and spot-welded wire was 51 kN.
All tested wires were from a Sumo cable strand. This finding demonstrated clearly that failure
of wires varies with respect to test wire conditions and that excessively stressed wire fails
prematurely.
Chang et al. (2019) investigated the breaking failure characteristics of hoist ropes with
different wear scars using the breaking tensile test (Figure 2.32). Also, the finite element
method was adopted to simulate the mechanical properties of the wear out strands subjected to
tensile load. It was found that severe plastic deformation and obvious temperature rise occur in
the wear scar region. The wear-out outer wires fracture earlier than the internal wires, and the
wires with irregular wear scar always fracture along the sliding wear direction at the location
with the maximum wear depth.
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Figure 2.32. (a) Breaking tensile test of the rope, (b) wear scars in the rope surface
adopted from (Chang et al. 2019)
Lesňák et al. (2020) studied the load-bearing capacity of the wire rope through using simply a
tensile test and finite element method using LS-DYNA solver. The first approach was divided
into two separate experiments including testing an individual wire and then experimentally
testing the entire wire rope. It was found that damaged or a corroded surface of the wire can
affect the reliability of steel wire ropes. Furthermore, due to the uneven distribution of wire
due to their different stiffness, it is not suitable to measure the load-bearing capacity of
individual wires and then sum them up. The experimental results showed that the load-bearing
capacity calculated from the individual wire measurement was 29.5 % higher than the nominal
value.

Analytical modelling of tendon loaded in shear
To better understand the behaviour and the performance of bolted joints on shearing, the
analytical modelling could play a vital role as it could mathematically calculate and forecast
the shear resistance capacity of bolted joints. Ferrero (1995) categorized mathematical analysis
methods proposed to calculate the contribution of a rock bolt to the joint as follows:
•

Empirical methods, based on statistical treatment of experimental data,
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•

Analytical methods based on the equilibrium of the forces acting on the undeformed
system,

•

Analytical models based on elastic beam theory,

•

Analytical models based on the formation of two plastic hinges, and

•

Analytical models based on the equilibrium of the forces acting on the deformed
system.
Review on the empirical method

Spang et al. (1990) explained the mode of action of fully bonded, untensioned rock bolts in
stratified or jointed rock masses through undertaking almost 70 laboratory and field tests. In
this study, a mathematical model was developed through a systematic variation of the
principal bolting parameters to evaluate both the bearing capacity of the fully grouted bolts
and the required shear displacements. In the proposed empirical model, various factors
including friction angle of joints, rock deformability, bolt inclination angle and joint dilatancy
were considered.
The contribution of a bolt to the shear resistance is expressed as follows:

𝑇0 = 𝑃𝑡 ∙ (1 + ∆𝑇𝐴+𝐺 ) ∙ 𝑚𝐹 ∙ 𝑚𝑅

Eq 2.1

Or

𝑇0 = 𝑃𝑡 ∙ [1.55 + 0.011 ∙ 𝐸𝑀1.5 ∙ 𝑠𝑖𝑛2 (𝛼 + 𝑖)] ∙ 𝐸𝑀−0.2 (0.85 + 0.45 ∙ 𝑡𝑎𝑛∅)

Eq 2.2

Or

𝑇0 = 𝑃𝑡 ∙ [1.55 + 0.011 ∙ 𝜎𝑐 1.07 ∙ 𝑠𝑖𝑛2 (𝛼 + 𝑖)] ∙ 𝜎𝑐 −0.14 (0.85 + 0.45 ∙ 𝑡𝑎𝑛∅)

Eq 2.3

Where T0 is bolt contribution to the shear resistance of a bolted joint; Pt is the maximum
tensile load of the bolt; ∆TA+G is the influence of bolt inclination (installation) angle and joint
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dilatancy; mF is the influence of rock strength; mR is the influence of joint friction angle; EM is
the stiffness of mortar and rock, ∅ is the angle of friction along the shear plane; α is bolt
inclination; i is the angle of dilatancy; σc is the ultimate compressive strength of rock
materials.
In addition, the corresponding shear displacement is represented as follow:

𝑓(𝑠) = (15.2 − 55.2 ∙ 𝐸𝑀−0.2 + 56.2 ∙ 𝐸𝑀−0.4 ) ∙ (1 − 𝑡𝑎𝑛𝛼 ∙ (20⁄𝐸𝑀)0.25 ∙
(𝑐𝑜𝑠𝛼)−0.5 )

𝑓(𝑠) = (15.2 − 55.2 ∙ 𝜎𝑐 −0.14 + 56.2 ∙ 𝜎𝑐 −0.28 ) ∙ (1 − 𝑡𝑎𝑛𝛼 ∙ (70⁄𝜎𝑐 )0.125 ∙
(𝑐𝑜𝑠𝛼)−0.5 )

Eq 2.4

Eq 2.5

Analytical methods based on the equilibrium of the forces acting on the
undeformed system
Aziz et al. (2015b) proposed a mathematical model to determine the shear behaviour of cable
bolts using the combination of Mohr-Coulomb failure criterion and the Fourier series concept.
In this model, the effect of friction was omitted. The mathematical model was developed by
assuming the linear Mohr-Coulomb relationship between the shear and normal stresses is:

Eq 2.6

𝜏 − 𝜎𝑛 tan(𝜑) − 𝑐 = 0

The Fourier series concept as described below is applied to replicate the variation of normal
stress against shear displacement.

𝑁=

𝑎0
2

2𝑛𝜋𝑢

+ ∑∞
𝑛=1 [𝑎𝑛 cos (

𝑇

) + 𝑏𝑛 sin (

2𝑛𝜋𝑢
𝑇

)]
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Eq 2.7

2 𝑇
2𝑛𝜋𝑢
∫ 𝜎𝑛 cos (
) 𝑑𝑢
𝑇 0
𝑇

Eq 2.8

2 𝑇
2𝑛𝜋𝑢
𝑏𝑛 = ∫ 𝜎𝑛 sin (
) 𝑑𝑢
𝑇 0
𝑇

Eq 2.9

𝑎𝑛 =

Where N is the normal load which acts along the axis of the bolt; an and bn are Fourier
coefficients, for simplification bn is considered as zero; n is the number of Fourier coefficients;
u is the shear displacement; T is the shearing length.
The axial load is calculated by the following equation and using a0 to a3.

𝑁=

𝑎0
2

2𝜋𝑢

+ 𝑎1 cos (

𝑇

4𝜋𝑢

) + 𝑎2 cos (

𝑇

) + 𝑎3 cos (

6𝜋𝑢
𝑇

Eq 2.10

)

The shear displacement at peak shear strength is measured by taking the derivation of the
above relationship with respect to the shear displacement and equating to zero.

𝑇

𝑎0

𝜏𝑝 =

2

(

2𝑛𝜋2𝜋 cos−1 [

+

∑3𝑛=1

𝑎𝑛 cos
[

−4𝑎2 +√16𝑎2 −48𝑎1 𝑎3 +432𝑎3 2
24𝑎3

]

tan(∅) + 𝐶

𝑇

Eq 2.11

)])

(

where;
τp is the shear stress, C is cohesion, an is Fourier coefficient, n is the number of Fourier
coefficients, which ranges from 0 to 3, ϕ is friction angle of joint and T is the shearing length.
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Rasekh et al. (2017) used the energy balance theory and proposed an original analytical model
to simulate the performance of pretensioned fully grouted cable bolts subjected to double
shearing. It was found that the initial axial load and the type of cable bolts are the main
parameters affecting their shear strength. Also, by enhancing the pretension load, the
maximum shear load occurs at a lower shear displacement. It was also realised that the failure
angle at different pre-tension loads due to bending of the cable during shearing across the joint
varied between 41˚ and 49˚. The proposed model can predict the shear strength of the cable
bolt, inelastic and failure stages. The elastic, strain softening, and failure can be determined
using Eq 2.12, Eq 2.13, and Eq 2.14.

𝑆𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝐾𝜈

Eq 2.12

𝑆𝑠𝑡𝑟𝑎𝑖𝑛𝑠𝑜𝑓𝑡𝑒𝑛𝑖𝑛𝑔 = 𝛽𝐾𝜈

Eq 2.13

𝑆𝑓𝑎𝑖𝑙𝑢𝑟𝑒= [𝑎0+𝑎

Eq 2.14

2

1 cos(

2𝜋𝑢
4𝜋𝑢
6𝜋𝑢
𝑇 )+𝑎2 cos( 𝑇 )+𝑎3 cos( 𝑇 )](cos 𝑖 cot 𝑖−sin 𝑖)+𝜎𝑦 𝐴𝑡 cot 𝑖+𝜎𝑠 𝐴𝑠

Where S is shear load; v is shear displacement; σy is the yield strength of cable bolt; σy is the
shear strength of cable bolt; As is the broken area of cable in shear; At is the broken area of
cable in tension. Figure 2.33 shows a comparison between predicted axial and shear loads and
measured loads.
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Figure 2.33. Comparison between the predicted and measured load adopted from
(Rasekh et al. 2017)
Analytical models based on elastic beam theory
El-Ariss (2007) developed an analytical model for the dowel action of reinforcing bars
crossing cracks to evaluate the shear behaviour of a reinforced concrete beam. This model was
developed based on the work presented by Timoshenko (1925). The differential equation for
the deflection of a beam in the elastic stage is written as follows:

Figure 2.34. Slope and deflection of dowel at the face of the crack adopted from (El-Ariss
2007)
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𝐸𝐼

𝑑4 𝑦
= −𝐾𝑦
𝑑𝑥 4

Eq 2.15

Where K is the stiffness of the elastic stage, y is the deflection.
The deflection and slope of the dowel at the face of a crack (z in width) can be derived
according to the boundary condition as shown in Figure 2.34.

𝑦0 =

𝑑𝑦0
𝑑𝑥

𝑉𝑑
(2 + 𝜆𝑧)
4𝜆3 𝐸𝑠 𝐼𝑠

=

−𝑉𝑑
2𝜆2 𝐸𝑠 𝐼𝑠

Eq 2.16

(1 + 𝜆𝑧)

Eq 2.17

Thus, the dowel displacement ∆ can be expressed as:

∆= 2 [𝑦0 + (

(2 + 𝜆𝑧)
𝑑𝑦0 𝑧
𝑉𝑑
[
+ (1 + 𝜆𝑧)(𝑧)]
) ( )] = 2
𝑑𝑥 2
2𝜆 𝐸𝑠 𝐼𝑠
𝜆

Eq 2.18

According to the load-deflection response for dowel bars embedded in concrete and the
estimation of the stiffness of the elastic foundation k together with the ultimate dowel force Vu,
the dowel force of the reinforcing bar is:

−𝑘∆
)]
𝑉𝑢

Eq 2.19

𝑉𝑑 = 𝑉𝑢 [1 − exp (

𝑘=

127𝑐1 √𝑓𝑐′

Eq 2.20

⁄3

𝑑𝑏2
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𝑉𝑢 = 1.27𝑑𝑏2 √(𝑓𝑐′ )(𝑓𝑦 )

𝑉𝑑 =

1.27𝑑𝑏2 √(𝑓𝑐′ )(𝑓𝑦 )

Eq 2.21

2 + 𝜆𝑧
−𝑘𝑉𝑑 (
) + (1 + 𝜆𝑧)(𝑧)
𝜆
× {1 − exp [
]}
2.54𝜆2 𝐸𝑠 𝐼𝑠 𝑑𝑏2 √(𝑓𝑐′ )(𝑓𝑦 )

Eq 2.22

Where Vd is the dowel force at a shear displacement ∆ at a crack; Vu is the ultimate dowel
force; 𝑓𝑐′ is the compressive strength of the concrete; db is the diameter of the bar; c1 is
coefficient ranging from 0.6 for a clear bar spacing of 25 mm to 1.0 m for larger bar spacing;
fy is yielding strength of the dowel bar.
Analytical models based on the formation of two plastic hinges
Dulacska (1972) attempted to describe the behaviour of reinforced joints for the determination
of bolt contribution to the joint shear strength and computation of the joint displacement. An
analytical model was expressed based on idealized stress distribution at the bolt contact.

𝑇𝑓 = 𝜌𝑑 2 𝛾𝜎𝑦 𝑛𝑠𝑖𝑛𝛿 [√1 +

∆=

𝜎𝑐
3𝜌𝛾2 𝜎𝑦 𝑛𝑠𝑖𝑛2 𝛿

Eq 2.23

− 1]

3𝑇
1
𝑇𝜋
√ 𝑡𝑎𝑛 (
)
6
𝑑10 𝜎𝑐
𝑇𝑓 2

Eq 2.24

Where Tf is the shear force of the shear system at bar failure; d is bar diameter; ∆ is the angle
of a bar; σy is bar yield stress; σc is concrete compressive strength; n is the coefficient of local
concrete compression; γ is constant; 𝜌 = 1 − 𝑁 2 /𝑁𝑦2 ; N is axial tension force of the bar at
failure; Ny is tensile force inducing yield in pure tension; T is the shear force applied on the
system.
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Dight (1982) proposed a model that could solve the bar response to shearing, the point of
fixture and the bearing capacity of the rock as a function of displacement as shown in Figure
2.35. In this study, the dowel effect, as well as the effect of a bar, were considered. Then, the
shear force perpendicular to the dowel named as F and the location of the plastic hinge can be
calculated as follows:

𝐹=

𝑙=

𝑑𝑏2
√1.7𝜎𝑦 𝑝𝑢 𝜋(1 − (𝑇⁄𝑇𝑦 )2 )
4

Eq 2.25

𝜎𝑦
𝑑𝑏2
√1.7 𝜋(1 − (𝑇⁄𝑇𝑦 )2 )
4
𝑝𝑢

Eq 2.26

Where F is the shear force acting on the bar at joint; σy is yield stress of the bar; pu is the
bearing capacity of the rock or grout; T is tension in the bar at the plastic moment; Ty is the
yield strength of the bar;

Figure 2.35. General deformation pattern for a dowel in shear adopted from (Dight
1982)
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Analytical models based on the equilibrium of the forces acting on the deformed
system
Pellet et al. (1996) proposed a new analytical model to be able to predict the contribution of
bolts to the shear strength of a rock joint. In this study, the interaction of the shear load and the
axial load was considered along with a large displacement of the bolt occurring during the
loading process. It was found that when a bolted rock joint is subjected to shearing, a force R0
is mobilised in the bolt which results from the axial force N0, and the shear force Q0, acting in
the bolt, shown in Figure 2.36.

Figure 2.36. A bolted rock joint subjected to shearing adopted from (Pellet et al.
1996)
Egger et al. (1991) found that the strengthening effect of the bolt can be due to two terms
including additional cohesion which is parallel to the joint as well as increasing confining
stress which is perpendicular to the joint. Therefore, using the Mohr-Coulomb criterion, the
strength of the bolted joint can be defined by adding the reinforcing effect of the bolt to the
intrinsic strength of the joint, as expressed by Eq 2.27.

𝜏 = (𝑐𝑗 + ∆𝑐𝑏 ) + (𝜎𝑛𝑜 + ∆𝜎𝑛𝑏 ) tan ∅𝑗

Eq 2.27
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Where Cj is joint cohesion, ∅j is joint friction angle, σno is initial confining stress, ∆σnb is the
increase of confining stress provided by the bolt, and ∆cb is additional cohesion provided by
the bolt.
When a bolted rock joint is subjected to shear displacement, the bolt is loaded axially and
transversally by a set of load forces including an axial force, N, a shear force, Q, and a bending
moment, M. Spang et al. (1990) found that when a rock bolt deforms, two critical points will
be presented on the bolt. One is the result of the interaction between the joint and the bolt
where the bending moment is zero (point C), meaning that only axial and shear force is
exerted in the bolt (Figure 2.37). Another point is where the bending moment is maximum,
and the shear force is zero (point D, known as the hinge point).

Figure 2.37. Load generation along the bolt during shearing adopted from (Jalalifar et al.
2010)
Since both axial force N and bending moment M produce normal stresses, they are to be
combined to obtain the final distribution of stress. Based on beam theory the axial stress
produces a uniform stress distribution and the bending moment produces a linear varying
stress (Eq 2.28), with compression on the upper part of the beam and tension on the lower
part. The inverse is on the other side of the joint.

𝜎=

𝑁 𝑀𝑦
+
𝐴
𝐼

Eq 2.28
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Where N is axial load, A is bolt cross-section area, M is bending moment, I is the moment of
inertia, and Y is the distance from the neutral axis.
According to Pellet et al. (1996), for equilibrium analysis, the bolt can be considered as a
semi-infinite beam loaded at one end by both an axial force N0, and a shear force Q0, which
are dependent on each other, as shown in Figure 2.38.

Figure 2.38. Mechanical system of rock bolt adopted from (Pellet et al. 1996)
The description of the bolt behaviour must be divided into two sections: elastic stage and
plastic stage. The elastic stage refers to the beginning of the loading process to the yield of the
bolt (point A), and plastic stage refers to the continuous loading from the yield point to the
failure of the rock bolt. It is necessary to measure the yield and failure limits of the bolt.
Regarding the yield limit, once the shear force is acting in point O and is leading the yield
limit in point A (upper fibber of the bolt section reach yield stress of the bolt material), the
shear force can be obtained as Eq 2.29.

𝑄𝑜𝑒

1
𝜋𝐷𝑏 2 𝜎𝑒𝑙
= √𝑝𝑢 𝐷𝑏 (
− 𝑁𝑜𝑒 )
2
4

Eq 2.29

where Qoe is the shear force acting at point O at the yield stress of the bolt material, Noe is the
axial force acting at point O at the yield stress of the bolt material, Db is bolt diameter, and σel
is yield stress of the bolt material.
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On the other hand, Tresca criterion was used to be able to determine the failure of the bolt
material in point O. The maximum force acting in the bolt at point O is defined as a
combination of the shear force and the axial force. This interaction formula, first established
by Dight (1983), is expressed here as a function of the shear force:

𝑄𝑜𝑓

𝑁𝑜𝑓
𝜋𝐷𝑏 2
=
𝜎𝑒𝑐 √1 − 16 (
)
8
𝜋𝐷𝑏 2 𝜎𝑒𝑐

2

Eq 2.30

where Qof is the shear force acting at point O when the failure of the bolt material occurs, Nof
is the axial force acting at point O when the bolt material fsils, and σec is failure stress of the
bolt material.
The two relations are demonstrated in Figure 2.39. The elastic limit (Eq 2.29) is parabolic,
whilst the failure criterion is elliptical (Eq 2.30).

Figure 2.39. Shear force versus axial force in the bolt adopted from (Pellet et al. 1996)
The elastic behaviour of the bolt is shown schematically in Figure 2.40.
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Figure 2.40. Displacement and rotation of the bolt in elastic stage adopted from (Pellet et al.
1996)
It was found that if the exerted forces on the bolt are known, then it is possible to measure the
displacement, Uoe, and the rotation, woe, of the bolt as follows:

𝑈𝑜𝑒 =

𝑤𝑜𝑒 =

8192𝑄𝑜𝑒 4 𝑏

Eq 2.31

𝐸𝜋 4 𝐷𝑏 4 𝑝𝑢 3 sin 𝛽
2048𝑄𝑜𝑒 3 𝑏

Eq 2.32

𝐸𝜋 3 𝐷𝑏 4 𝑝𝑢 2

The plastic behaviour of the bolt is depicted in Figure 2.41.
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Figure 2.41. Displacement and rotation of the bolt in plastic stage adopted from (Pellet et al.
1996)
The following equations were found to be given a good approximation to calculate the
displacement as well as the rotation of the bolt in the plastic stage.

∆𝑈𝑜𝑝 =

𝑄𝑜𝑒 sin ∆𝑤𝑜𝑝

Eq 2.33

𝑝𝑢 sin(𝛽 − ∆𝑤𝑜𝑝 )

2

∆𝑤𝑜𝑝

𝑙𝑒
𝑙𝑒
= arccos [ sin2 𝛽 ± √cos2 𝛽 (1 − ( ) sin2 𝛽)]
𝑙𝑓
𝑙𝑓

The strength and associated displacement of the bolted joint are shown in Figure 2.42.
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Eq 2.34

Figure 2.42. Decomposition on the joint of forces acting in the bolt adopted from
(Pellet et al. 1996)
It is possible to calculate the contribution of the bolt to the total reinforced rock joint strength
using the equation as expressed below:

Eq 2.35

𝑇𝑏 = 𝑅𝑜𝑡 + 𝑅𝑜𝑛 tan ∅𝑖

The additional cohesion, ∆cb, related to the tangential force, and the confining effect, ∆σnb, can
be calculated using Eq 2.36 and Eq 2.37 as follows:

∆𝑐𝑏 =

𝑅𝑜𝑡
𝐴𝑗

∆𝜎𝑛𝑏 =

Eq 2.36

𝑅𝑜𝑛
𝐴𝑗

Eq 2.37

Where Ron is the component normal to the joint of the force in the bolt, Rot is a component
parallel to the joint of the force in the bolt, and Aj is the surface area of joint.
Jalalifar et al. (2010) developed an analytical method to analyse bolts subjected to shearing
across joint planes under lateral confinement. An interesting finding from this study was that
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the applied axial load on the bolt had a great bearing on the location of the hinge point. It was
also concluded that the location of the hinge point is affected by the bolt diameter. Figure 2.43
shows the transversely loaded bolt behaviour based on beam theory.

Figure 2.43. Deformed shape, shear force, bending moment and shear displacement diagrams
adopted from (Jalalifar et al. 2010)
The axial force and the shear force at the bolt-joint intersection are calculated as:

𝑁𝑐𝑓 = 𝐴𝑏 𝜎𝑓 √1 − 4(

𝑄𝑒 2
)
𝐴𝑏 𝜎𝑓

Eq 2.38
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𝑄𝑐𝑓

Eq 2.39

𝑁𝑐𝑓 2
𝐴𝑏
=
𝜎𝑓 √1 − (
)
2
𝐴𝑏 𝜎𝑓

Where Ab is the bolt cross-section area; σf is the failure stress of the bolt material; Qe is the
shear force acting at point C in elastic limit; Qcf is the shear force acting at point C at the time
of failure of the bolt material.
Axial force and shear force at the point of the maximum bending moment are calculated as:

𝑁𝑑𝑓

𝑄𝑒 2
= 𝐴𝑏 𝜎𝑓 √1 − 16
1.69𝑃𝐼𝑝𝑢 𝐷3 𝜎𝑓

𝑄𝑑𝑓

1.69𝑃𝐼𝑝𝑢 𝐷3 𝜎𝑓
𝑁𝑐𝑓 2
=√
) ]
[1 − (
16
𝐴𝑏 𝜎𝑓

Eq 2.40

Eq 2.41

The hinge point distance to the shear joint can be expressed by the following equation:

1 𝐷𝑏 (𝜎𝑦 𝑃𝐼𝐷𝑏2 − 4𝑁𝑐𝑓 )
𝑙𝑝 = √
4
𝑝𝑢

Eq 2.42

where pu is reaction force; σy is elastic yield stress.
Following the research of Jalalifar et al. (2006), Li (2016) proposed a mathematical solution
for the behaviour of cable bolts. A typical loading state of a bolted concrete joint subject to
shearing, based on the theory of beam on an elastic foundation is shown in Figure 2.44.
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Figure 2.44. Forces induced at the bolted joint plane adopted from (Li 2016)
The contribution of bolts to the joint shear resistance is attributed to the induced forces in bolts
and across the joint plane. Thus, the globally induced forces at the joint could be determined
only by the induced forces in bolts. The global contribution of a bolt to the joint is calculated
using the following equation:

𝑅 = 𝑁𝑜 cos(𝛼 − 𝜃) + 𝑄𝑜 sin(𝛼 − 𝜃) + [𝑁𝑜 sin(𝛼 − 𝜃) − 𝑄𝑜 cos(𝛼 − 𝜃)]𝑡𝑎𝑛∅

Eq 2.43

Numerical modelling of tendon loaded in shear
To understand better and be able to visually describe the mechanical behaviour of a reinforced
rock mass at every level, numerical modelling can be used. Using such a technology,
researchers, and design engineers have been able to evaluate the performance of tendons in
details that is not achievable through laboratory or field tests. Over the past few decades,
several numerical methods such as Finite Element Method (FEM), the Boundary Element
Method (BEM), the Finite Difference Method (FDM), and the Discrete Element Method
(DEM) have been developed to assist researchers and designers to overcome civil and
geotechnical problems.
Ferrero (1995) developed a 3D finite element model to study the shear strength of rock joints
using steel dowels. The model was developed to back-analyse the stress-strain response of the
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specimens and to evaluate the state of stress evolution in the reinforcement over the strain
gauges working range. The model was used to verify the experimental tests and concluded that
the model was in good agreement with the laboratory results. Figure 2.45 shows the FEM
model used in this study, which is made of 440 nodes and 286 isoparametric and
subparametric elements with eight integration points for the rock and the mortar.

Figure 2.45. 3D FEM model of laboratory tests adopted from (Ferrero 1995)
It was found that the shear resistance was significantly affected by steel type, bar dimeter,
reinforcement type, and rock material type. It was concluded that both experimental and
numerical results showed two different failure mechanisms including a combination of shear
and tensile stresses at the joint face for hard rock, and for weaker rock, a combination of
tensile stress and bending moments.
Grasselli (2005) studied the deformational mechanisms of several rock bolts experimentally
and numerically using double shear tests. Double shear tests were simulated through using a
commercial three-dimensional finite element (FEM) code, ZSOIL_3D, as shown in Figure
2.46. In this study, materials (concrete, grout, and steel) were modelled using elastic elements,
and the contact interface was considered elastic-perfectly plastic. The growth of two plastic
hinges was obtained symmetrically to the rock joints. However, the choice of elastic models
for the main materials can be unreasonable for this study because such a model can only
simulate the situation with a small strain.
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Figure 2.46. Mesh adopted for the 3D-FEM calculation adopted from (Grasselli 2005)
Aziz et al. (2005) used ANSYS version 8.1 to evaluate the effect of resin thickness in a boltgrout-concrete interaction, the strength of the material, and pre-tensioning. In this study, rock
bolt, grout, and concrete were modelled based on elastoplastic materials and contact interfaces
behaviour (Figure 2.47). Resin thickness was considered as 1.5, 2.5, and 5 mm in the
numerical modelling with borehole diameters of 25, 27, and 32 mm, respectively. It was found
that tensile and compression strains were affected by the resin thickness and an increase in the
thickness caused a reduction in strains. Also, with increasing the resin thickness, shear
displacement was seen to be reduced.
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Figure 2.47. Initial state of bolted joints in a quarter model adopted from (Aziz et al. 2005)
Mirzaghorbanali et al. (2017) used FLAC2D in this study to simulate the shear performance of
fully grouted plain 19 wire 21.8 mm diameter cable bolts subjected to double shearing without
contact faces between concrete blocks. FISH (a programming language embedded within
FLAC) was incorporated to determine the shear strength of the cable bolt as a function of
relative shear displacement. The schematic design of the fully grouted cable bolt by
considering the boundary conditions, ﬁxed points due to barrel and wedge and the vertical
load applied to the middle concrete blocks is shown in Figure 2.48.

Figure 2.48. Schematic fully grouted cable bolt subjected to double shear test adopted from
(Mirzaghorbanali et al. 2017)
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It was found that the FLAC 2D simulated satisfactorily the peak shear load of the pretensioned fully grouted cable bolts and the ﬁndings were in good agreement with the
experimental results. However, in this study, cable bolts were modelled as rock bolts because
it was not possible to study the shear performance of cable bolts in FLAC. The properties were
speciﬁed based on the cable bolt’s properties. A comparison between the shear load versus
displacement for the simulated model and experimental data is shown in Figure 2.49.

Figure 2.49. Comparison between the shear load versus shear displacement for the
experimental data and FLAC 2D modelling simulation for the double shear test without
contact for plain 19 wire, 21.7 mm cable bolt adopted from (Mirzaghorbanali et al. 2017).
Aziz et al. (2018) proposed a mathematical constitutive model for the shear behaviour of cable
bolts by modifying the tri-linear model developed by Wu et al. (2010). The original tri-linear
model was proposed to measure the relationship between the shear stress (𝜏) and slip (𝛿) at the
rod-grout interface in pull-out tests as shown in Figure 2.50 and Eq 2.44, Eq 2.45, and Eq
2.46.
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Figure 2.50. Relationship between interfacial shear stress and slip adopted from (Wu et al.
2010)
𝜏=𝑘δ
𝜏=

(0 ≤ δ ≤ δ1 )

𝜏𝑢 δ2 − 𝜏𝑠 δ1 𝜏𝑢 − 𝜏𝑠
−
δ2 − δ1
δ2 − δ1

𝜏 = 𝜏𝑠

Eq 2.44
(0 ≤ δ ≤ δ1 )

Eq 2.45

δ > δ2

Eq 2.46

Where 𝜏u is the shear strength at the rod-grout interface, 𝜏s is the residual frictional stress at the
rod-grout interface, 𝜏 is shear stress, 𝛿 is slip at the rod-grout interface, 𝛿1 is slip at peak bond
strength, and 𝛿2 is slip at bond failure. It was found that the single shear test consists of three
stages being elastic, strain softening, and failure, which can be simulated using the modified
tri-linear concept as plotted in Figure 2.51. Stage (I) shows the elastic stage where the
encapsulated cables bolt will return to its original position upon unloading. After yielding, the
shear behaviour will be in the strain-softening stage in which the shear strength increases
monotonically based on a stiffness value lower than that of elastic stiffness. The shear strength
then diminishes to the residual value once peak shear strength is exceeded. Thus, the shear
strength of the encapsulated cable bolts can be summarised in three stages as proposed in Eq
2.47, Eq 2.48, and Eq 2.49.
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Figure 2.51. Relationship between shear stress and shear displacement in single shear test
adopted from (Aziz et al. 2018)
𝜏 =𝑘δ+a

(0 ≤ δ ≤ δ1 )

Eq 2.47

𝜏 =𝛽δ+c

(δ1 ≤ δ ≤ δ2 )

Eq 2.48

𝜏 = 𝑝𝑒𝑎𝑘 𝑠ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑 𝑡𝑜 0 (δ ≥ δ2 )

Eq 2.49

where 𝜏 is the shear strength of encapsulated cable bolt, 𝜏y is the shear load at yield point, 𝜏p is
peak shear load, 𝜏r is residual shear load, 𝛿1 is the shear displacement at yield point, and 𝛿2 is
the shear displacement at peak shear load. The simulated model was in good agreement with
the experimental results as it is shown in Figure 2.52.
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Figure 2.52. Comparison between model-simulated results and experimental data adopted
from (Aziz et al. 2018)
Li et al. (2019) studied both the axial shear behaviour along the cable-grout interface as well
as the local lateral shear behaviour of the cable deflecting section in rock discontinuities with
special attention to the effect of cable anchorage length using pile structural elements in
FLAC3D shown in Figure 2.53. The pile structural element was used because this element in
addition to the axial tensile and compressive loads, can carry bending moment triggered from
rock movement normal to the bolt axis. The numerical model was firstly calibrated using the
experimental results collected from laboratory pull-out tests and single shear tests on plain
Superstrand cable bolts. It was found that two demarcation anchorage length was apparent in
the cable shear tests.
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Figure 2.53. FLAC3D model of a single shear test on cable bolt adopted from (Li et al. 2019)

Summary
In this chapter, a comprehensive review regarding the load transfer mechanisms of cable bolts,
shear behaviour of tendons under static loading condition, a systematic review on
experimental studies on shear performance of cable bolts using single and double shear
techniques, and a thorough review on a variety of mathematical and numerical investigations
have been given.
Two groups of reinforcements are adopted to reinforce the unstable rock mass, namely, rock
bolts and cable bolts. Rock bolts are applied immediately after excavation, as a primary
support system, to connect the fractured bedding plane to the immediate strata to create a
beam. To enhance the durability of the excavation, cable bolts as a secondary support system
come into action to connect the bolted fractured zone to the higher competent stratification
layers.
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There are two types of shear test methods existing, single and double shear test methods,
which for the purpose of testing and the methodology of testing play a significant role. In the
past few years, both tests have been performed and results have been published widely by
(Aziz et al. 2003, Aziz et al. 2015, Aziz et al. 2015c, Li et al. 2017, Mirzaghorbanali et al.
2017, Rasekh et al. 2017, Rasekh et al. 2017a, Aziz et al. 2018, Aziz et al. 2018).
A conventional cable bolt is a flexible tendon consisting of several steel wires (general 7
wires). 6 wires are laid helically around a slightly larger centre wire with a lay length of 12-16
times the diameter of the final strand (Hutchinson et al. 1996). A cable bolt provides the
ability for a rock mass to support itself, it is a flexible tendon, containing a group of steel
wires, twisted into a strand, and it is grouted into a borehole to give high tensile strength. The
performance of a reinforced element can be divided into three stages based on the responses of
reinforcement to loading:
1. Installation stage,
2. Loading stage, and
3. Residual stage.
The installation of supporting elements is undertaken using chemical resin and cementitious
grouts. Grout/resin is one of the principal components of a reinforcing system as it acts as an
adhesive material to bond the cable bolt to the rock mass surrounding the borehole and
provides the mechanism for transferring force between the cable bolt and the surrounding rock
mass by means of shearing forces within the grout. Li (2016) stated that grouting is the most
effective internal fixture due to high stiffness and great reliability.
To better understand the behaviour and the performance of bolted joints on shearing,
analytical modelling could play a vital role as it could mathematically calculate and forecast
the shear resistance capacity of bolted joints. Ferrero (1995) categorized mathematical analysis
methods proposed to calculate the contribution of rock bolt to the joint as follows:
•

Empirical methods, based on statistical treatment of experimental data,
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•

Analytical methods based on the equilibrium of the forces acting on the undeformed
system,

•

Analytical models based on elastic beam theory,

•

Analytical models based on the formation of two plastic hinges, and

•

Analytical models based on the equilibrium of the forces acting on the deformed
system.

The numerical modelling of cable bolts in shear under quasi-static loading conditions was
found to be complicated and difficult to model using different methods including Finite
Element Method (FEM) such as ANSYS, ABAQUS, the Boundary Element Method (BEM),
the Finite Difference Method (FDM) such as FLAC3D, and the Discrete Element Method
(DEM) such as UDEC and 3DEC. The difficulty of modelling cable bolts is the presence of
several materials including rock, grout, and steel, which each have different stiffness and
mechanical behaviours. In addition, the presence of several types of contacts between each
element, such as the real joint between rock blocks, and weak adherence at material separation
make the simulation complicated. However, with the adaptation of the above-mentioned
parameters, and with a better choice of numerical method and software, it is possible to
prevent the complication around modelling cable bolt performance under static shear loading
conditions.
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Literature review on ground support systems under dynamic
loading condition
Rockburst phenomenon
Introduction
Seismic events and rockbursts are a pervasive problem in mines which operate at high
extraction ratios and involve the release and transmission of energy from the zone of influence
of mining.
Rock slipping and rock cracking cause seismicity due to the sound. A seismic event is a
sudden episode of radiation of acoustic energy in ground waves induced by discontinuity slip
or rock material fracture. A rockburst is the sudden displacement of rock, under a seismic
impulse, in the boundary of an excavation, causing substantial damage to it. Both seismic
events and rockbursts involve unstable energy changes in the host rock mass, suggesting that
an examination of energy changes during mining is fundamental to the understanding of these
phenomena (Hudson et al. 2000). In the literature, the term “rockbursting” is used to describe
a wide range of occurrences, without considering the description of the physical nature of the
phenomenon. According to Ortlepp et al. (1994) the conceptual understanding of rockbursting
is not uniform. However, the common factor is that all rockburst occurrences involve the
violent ejection of rock mass from the surface of the tunnel (Ortlepp 1993, Ortlepp et al. 1994,
Camiro et al. 1996, Kaiser et al. 1996, Ortlepp et al. 1998, Player et al. 2004, Player et al.
2008, Player et al. 2008, Li 2010, Potvin et al. 2010, Cai 2013, Kaiser et al. 2013, Li et al.
2014, Li 2017, Li et al. 2017, Cai 2019). Seismicity can cause dynamic loading, which may
result in rockburst (Ortlepp et al. 1998). Ortlepp et al. (1994) reported that there is a possibility
in deep mines that a rock ejected from the surface can be a meter in thickness. In addition
Ortlepp (1993) investigated the ground velocities subjected to rockburst damage and
concluded that velocities of up to 50 m/s may occur. Player et al. (2008) claims that a potential
may exist for dynamic ejection of failed material when a seismic wave encounters an
excavation as shown in Figure 3.1. It was postulated that the potential for dynamic ejection
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relies on the energy in the wave, seismic source parameters and the site characteristics of the
excavation. The energy release in all cases of dynamic loading is significant enough to be
considered. This energy is reliant on the ejected mass of the rock and the velocity of ejection
(Ortlepp et al. 1994). Rockburst damage to underground excavation typically includes stressinduced rock fracturing, shearing of rock, rock falls and ejection, buckling of roof and
sidewalls, floor heave, etc. Therefore, there is a need to control the ground behaviour after
rockburst occurring. Meaning that the ground support system is required to control and
stabilize the ground behaviour after rockbursting. However, providing rock support in burstprone ground requires a good understanding of the rock mass behaviour under high stress
conditions. Also, the response as well as functionality of each rock support element and the
system needs to be studied. Ortlepp et al. (1994) stated that support systems for severe
dynamic loading conditions must be designed on an energy bases rather than on a
conventional factor of safety approach.

Figure 3.1. Rock support failure model under seismic event adapted from (Player et al. 2008)
Rockburst research
So far, extensive research has been carried out in South Africa, Canada, Australia and some
other countries like China, Sweden and USA to better understand the rock burst phenomenon
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and to find engineering solutions to mitigate the effect of the rockburst hazard deep in the
mines and civil tunnels (Cook 1963, Salamon 1983, Hedley 1992, Ortlepp 1993, Ortlepp et al.
1994, Camiro et al. 1996, Kaiser et al. 1996, Kaiser et al. 1997, Ortlepp et al. 1998, Potvin
2009, Potvin et al. 2010, Potvin et al. 2018). This has clearly been pointed out in the Canadian
Rockburst Support Handbook (Kaiser et al. 1996), which is one of the most comprehensive
rockburst research studies undertaken in this field between 1990 to 1996. Another multi-year
research on mine seismicity has been undertaken in Australia by Potvin (2009), which
eventually led to the development of a tool called MS-RAP (Mine Seismicity Risk Analysis
Program). In addition, the International Symposium on Rockburst and Seismicity in Mines
(RaSim) has been the place for the exchange of ideas and discussion for engineering solutions
since 1982.
Mechanisms and types of rockburst
Even though it is not necessary to fully understand the source of the seismic event to develop
and apply solutions to overcome the effect of rockburst in tunnels and mines, it is significantly
important to understand that the rockburst and seismic events are not necessarily the same
event. Based on the observation in gold mines in South Africa and investigation on seismic
events, Cook (1963) and Salamon (1983), defined rockburst as a sub-set of seismic events that
can cause damage to the mine working. It was mentioned that all rockbursts are caused by a
seismic event but not all seismic events cause rockburst. Kaiser et al. (1996) classified
rockburst into the self-initiated type and the remotely triggered type. They further explained
that the self-initiated type of rockburst may occurs when the stresses exceed the rock strength,
which causes failure to be in an unstable or violent manner. However, the remotely triggered
type occur by remote, relatively large magnitude seismic events. Ortlepp et al. (1994)
classified rockburst into five types as follows:
➢ Strain bursting,
➢ Buckling,
➢ Face crushing/pillar burst,
➢ Virgin shear in the rock mass (shear rupture), and
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➢ Reactivated shear on existing faults and/or shear rupture on existing discontinuities
(fault-slip burst).
It was observed that the first three mechanisms were different in nature from the last two. This
difference was in the source and the damage location. The source and the location for the first
three mechanisms were coincident. According to Cai (2013), however, in a broad sense,
buckling type rockburst can be sub-categorized into strain burst, and shear rupture and can be
considered as a fault-slip rockburst. Therefore, the main rockburst source mechanism can be
shortened to three fundamental types as follows:
➢ Strain burst,
➢ Pillar-burst, and
➢ Fault-slip.
He et al. (2018) classified the rockburst event based on their triggering mechanisms into two
categories: stress-induced rockburst and impact-induced rockburst, shown in Figure 3.2. The
aim of this study was to reproduce the rockburst event in the laboratory through the
development of the strain burst test machine as well as the impact-induced rockburst test
machine. The stress path for generating some rockburst confirmed the workability of the
newly developed machines as the stress path was in a similar pattern to the one generated at or
near the surface of the underground excavations.
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Figure 3.2. Rockburst classification based on the triggering mechanisms and experimental
methods adopted from (He et al. 2012)
Li et al. (2019) summarized a discussion on the mechanism of rockburst, forecasting and
prediction of the rockburst, preconditioning method and the dynamic of the ground support
against the rockburst. In this paper, rockburst events are suggested to be classified into two
categories in accordance with the triggering mechanisms; strain burst, and fault-slip burst.
Among them, strain bursts are the mostly commonly encountered rockbursts in underground
mines and civil tunnels (Ortlepp et al. 1994, Cai 2019). A strain burst has been described as a
violent failure of rock near an excavation boundary caused by excessive straining of an unfractured or partially fractured volume of brittle rock. It is common to see that strain bursting
occurs at the location where the tangential stress is the highest as well as the area that the rock
mass is the most vulnerable to unstable failure (Gao et al. 2019). Strain burst is strongly
influenced by the local shape and stress concentration of the surface opening and it is more
likely to occur from half a diameter to three diameters behind the face, however, it may also
happen from the face itself (Ortlepp et al. 1994). Li et al. (2019) stated that strain burst occurs
on exposed rock surface in forms of intact rock crushing, buckling of slabs, and ejection of
rock blocks. It was noted that prior to the rock failure there was no damaging vibration whilst
it is generated during and after bursting. This is one of the most important characteristics of
strain burst. The process of strain bursting is illustrated in Figure 3.3.
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Figure 3.3. (a) Bursting process of a strain burst event in intact rock, (b) The rock surface after
a strain burst in a massive quartzite in a deep metal mine adopted from (Li et al. 2019)
Ortlepp et al. (1994) represented the typical geometry and characteristics of a strain burst
event as it is shown in Figure 3.4. It was stated that the magnitude of a strain burst event is in
the range of 0.2 to 1.5 in the Richter scale. It was observed that in the event of strain bursting,
a fragment of rock, usually in the form of a thin plate with sharp edges, is violently ejected
from the rock surface. This phenomenon makes it a very dangerous hazard. This was
confirmed by (Li et al. 2019).
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Figure 3.4. Violent spalling as a result of Strain bursting and fragment of andesitic rock from
tunnel showing typical sharp edges adapted from (Ortlepp et al. 1994)
Buckling, which was considered a strain burst event, is illustrated in Figure 3.5. According to
Ortlepp et al. (1994) such a phenomenon is most likely to occur in a laminated or transversely
anisotropic rock mass and it is believed that buckling doesn’t necessarily occur in the side
walls, however, the damage could occur anywhere around the boundary of the opening where
the orientation of the geological structure is favorable for buckling instability. Mainly, the
strain energy stored in plates subjected to potential buckling is the energy source for such a
mechanism. It is observed that additional energy input may come from shear and compressive
components of a seismic wave whose source is somewhat distance from the damage location.
Violent rock failure can be in the form of rock block ejection due to a strain bursting event, a
pillar burst event, or by a remote seismic event through dynamic moment transfer. When an
incoming seismic wave accelerates a volume of rock mass that was previously stable under
static loading conditions, a seismically-induced rock fall will occur, the mechanism is shown
in Figure 3.6. This mechanism is manifested as the ejection of a portion of the tunnel wall or
floor/roof, which is directionally associated with a transient energy wave (shock wave). It is
reported that the extent and the damage caused by this mechanism depends on the magnitude
of the seismic event and the proximity of the tunnel or mines to the source of the seismic
energy.
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Figure 3.5. Buckling phenomenon in a laminated or transversely anisotropic rock adapted
from (Ortlepp et al. 1994, Li et al. 2019)

Figure 3.6. An ejection-type rockburst adapted from (Ortlepp et al. 1994)
Gao et al. (2019) focused on self-initiated strain bursts and accordingly developed a numerical
simulation to investigate this phenomenon. The purpose of the study was to identify where
sever damage conditions may exist, i.e., where the excavation is most vulnerable to rockburst
damage, and how energy loading the ground support is released from the strain burst volume
and the surrounding rock mass. It was found that strain bursting may occur at the excavation
wall or away from the wall near the interface between the excavation damage zone and the
more competent, (near-) elastic rock mass surrounding it. In other words, strain bursts tend to
occur at or near the static depth of failure. Strain bursts are initiated either by a stress change
induced by the tunnel advance or nearby mining, potentially triggered by a dynamic stress
pulse, or by a dynamic stress loading by seismic waves from a large remote seismic event.
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Also, Gao et al. (2019) demonstrated that the failure envelope of brittle rock and rock masses
is depressed in the low confinement zone of the principal stress space due to extensional
failure processes promoting rock spalling. The enveloped failure is S-shaped or tri-linear and
the stress space can be divided into two behavioural zones: spalling dominated stress
fracturing at low confinement, and shear rupture at high confinement as shown in Figure 3.7.
It was summarized that where the rock mass near an excavation is excessively deformed by
tangential straining, strain bursting is more likely to occur, in particular near the interface
between the inner and outer shell, i.e., near the spalling limit.

Figure 3.7. (a) Illustration of inner and outer zone behaviours, dominated by extensile brittle
fracture and spalling under low confinement (inner zone), and shearing under higher
confinement (outer zone); (b) “S-shaped” or trilinear failure envelope differentiating low and
high confinement behaviours at UCS/10 threshold adapted from (Gao et al. 2019)
Fault-slip burst refers to rock ejection caused by seismic waves from a remote seismic event.
Underground excavation can cause stress changes in the medium, which can lead to slippage
of some pre-existing faults or even shear failure of intact rocks in the near field of an
underground opening. Li et al. (2019) reported that when a powerful seismic wave arrives at
underground workings, a violent rockburst can be triggered, as is shown in Figure 3.8. Faultslip burst usually is more powerful than the strain burst, which can create severe damage.
Ortlepp et al. (1994) estimated the magnitude of the fault-slip burst event by the range of 1-5
in the Richter scale.
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Figure 3.8. (a) A fault-slip seismicity procedure, (b) A fault-slip event triggered by a seismic
event of Mn= 3.8 in a metal mine, adopted from (Li et al. 2019)
The damage of rockburst
The main criteria to assess the damage to support systems and underground structures is
known as Peak Particle Velocity, (PPV), in both blasting and rockburst studies (Hedley 1992).
PPV is the most accepted and used indicator of vibration levels (Alcudia et al. 2007) and to a
lesser extent can account for the acceleration and the displacement of a small particle of
ground affected by the seismic wave. It is worth noting that when a seismic event occurs
underground, strain waves radiate from the source in a spherical pattern. There are two types
of waves associated with rockburst. P waves referred to as the longitudinal waves or
compressional waves that are radial vibrations in the same direction of the wave front and S
waves, known as shear waves, are transverse vibration perpendicular to the wave front. The
velocity propagation of the P wave is always higher than the S wave.

93

The severity of rockburst damage can be classified by the depth of failure, or the volume of
rock that failed and the degree of damage to the rock support system. It can be classified into
three levels of severity of damage being minor, moderate, and severe. Kaiser et al. (1996),
quantitatively characterized damage caused by fractured or loosened rocks in a typical 5*5 m2
opening as, minor (less than 0.25 m in thickness), moderate (0.25-0.75 m in thickness), and
sever (more than 0.75 m in thickness), as shown in Figure 3.9. It was found that the damage is
more unlikely to be dominated by energy or momentum transfer from a remote seismic event.
It was however, suggested that the state of stress and the local mine rock stiffness at a given
rockburst damage location can be primarily the reason of rockburst damage.

Figure 3.9. Rockburst damage adapted from (Kaiser et al. 1996)
Potvin et al. (2018) claimed that even though geological features can initiate and trigger the
energy release and the generation of seismicity, rockburst damage may not be coincident with
the location or source of a seismic event. Furthermore, Kaiser et al. (1996) listed some of the
damage that may be caused by seismic events;
➢ Rock fracturing, resulting in rock bulking and possibly rock ejection,
➢ Kinematic rock ejection because of seismic energy transfer, and
➢ Structurally controlled gravity failure triggered by a seismic event.
Kaiser et al. (2012) summarized the main factors that can influence the rockburst damage and
the severity of the damage into four categories including seismic event, geology, geotechnical,
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and mining, as shown in Table 3.1 It was mentioned that the first two categories determine the
intensity of dynamic load at the damage location, whilst the last two determine site response
due to seismic impulses. It was concluded that rockburst damage is governed by a
combination of these factors.
Table 3.1. Main factors influencing rockburst damage adopted from (Kaiser et al. 2012)
Seismic event

Geology

Geotechnical

Mining

Event magnitude
Rate of seismic
energy release
Distance to seismic
source

In situ stress
Rock type
Beddings
Geological structures
(dykes, faults, and
shears)

Rock strength
Joint fabric
Rock brittleness

Mining induced static and dynamic
stresses
Excavation span
Extraction ratio
Nibe stiffness
Excavation sequence (stress-path),
blasting
Install rock support system
Backfill
Production rate

Table 3.2. Role of support system for different rockburst condition adopted from (Kaiser et al.
1996)
Mechanism
Bulking
without
ejection

Severity
Minor
Moderate
Major
Minor

Bulking
causing
ejection

Moderate
Major
Minor

Ejection by
remote
seismic
event

Role of support system
Tolerate minor damage or reinforce rock mass to prevent initiation
of fracturing
Reinforce rock mass to limit rock mass bulking and control rock
displacements with support pressure
Control rock mass bulking and survive large rock displacements
Retain small volumes of ejected rock and limit rock displacements
Retain ejected rock with a tough retaining system and survive rock
displacements
Retain ejected rock, survive large rock displacements, and absorb
energy
Retain small volumes of ejected rock with a retaining system that
absorbs energy

Moderate

Retain ejected rock, absorb energy with holding elements, and
survive rock displacements

Major

Same as above
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Rock fall

Minor

Reinforce rock mass to prevent failure or unravelling

Moderate

Reinforce rock mass, retain, and hold unstable rock

Major

Provide maximum holding capacity, maintain rock mass integrity
with strong reinforcing and retaining system

When a seismic wave reaches an opening, the rock block can be accelerated and potentially
ejected by the wave, as shown in Figure 3.1 and Figure 3.6. However, the additional dynamic
load can be added to the rock mass through the seismic wave, thus it can fracture the rock
mass, which was previously stable under static loading conditions. Some of the stored strain
energy can be transferred to the fractured rock mass, which depends on the post-peak stiffness
of the rock mass and the system stiffness of the rock surrounding the fractured rock mass. The
transferred energy would result in rock ejection at a high ejection speed, which has the kinetic
energy of some amount. Therefore, the applied rock support must be capable of absorbing or
dissipating this kinetic energy. To achieve this, it is essential for the rock support to be capable
of yielding and stretching enough to absorb the energy (Ortlepp et al. 1998).
Rockburst damage control
As part of a recent trend, more than 200 mines adopted seismic monitoring system to manage
the seismic response to mining. This system constantly monitors for rock noise in the mine
and it can locate seismic event locations and provide additional information about the events
including moment, magnitude, and energy ratio. With the help of such a tool, it is possible to
predetermine potentially hazardous ground conditions and assist the mine in making effective
re-entry decisions (Vallejos et al. 2008). Even though the location and magnitude of a seismic
event can be forecast very accurately (Li et al. 2019), forecasting refers to the probability of an
event or a parameter. This system still can be disadvantageous because rockburst phenomenon
is not predictable as to where and actually when the rockburst is going to occur in mines.
Therefore, the safety of the mine or civil tunnel can only be guaranteed by proper engineering
and effective rock support. As the first and final line of defence in mines affected by
seismicity and to mitigate the potential consequences of rockburst, a dynamic resistance
ground support system needs to be installed (Potvin et al. 2010, Cai 2013).
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Coal burst causes and mechanisms
Coal burst is a well-known phenomenon in underground coal mines, and it is known as coal
bump or pressure bump. However, a number of terms exist and are used across the
international underground mining industry including hard and soft rock mining that describe
dynamic ground failure events in underground mines. Therefore, it is important to clarify and
employ a consistent set of terms used in the context of such dynamic rock failures. Regarding
the incident occurred in Austar Coal Mine in 2014, Hebblewhite et al. (2017) used the
following description as a term to discuss coal burst events; rock burst, strain burst, pressure
bump, pressure burst, shake down, outburst, coal bump, coal burst, pillar bump and pillar
burst. The most common terms used to describe dynamic energy release in underground coal
mine are pressure bursts and pressure bumps. The commonly accepted difference of these two
terms is the magnitude and hence the consequence.
Coal bump refers to the violent and catastrophic failure of coal and it is a serious safety hazard
in underground coalmines (Dou et al. 2006, Whyatt 2008, Hebblewhite et al. 2017, Mark
2018, Yang et al. 2019). However, this phenomenon was not recognized as a risk in Australian
coal mines until the recent incident occurred at Austar Coal Mine in 2014. Austar Coal Mine
is an underground longwall coal mine located near Cessnock in the Hunter Valley of New
South Wales (NSW), Australia. This mine is recognized as the only underground mine in the
region that is still extracting the Greta Seam. Also, this mine is the first mine in Australia that
employed the Chinese-developed longwall top coal caving (LTCC) method for thick seam
extraction.
Similar to rock burst, coal burst occurs with a rapid release of a massive amount of elastic
stored energy from the coal body in the form of noise, coal ejection, and seismicity (Yang et
al. 2019). Zhao et al. (2018) demonstrated that stress and energy concentration can be caused
due to major geological structures such as faults, folds, and coal seam thickness change. Yang
et al. (2019) reviewed the energy sources of coal burst in Australian coalmines and mentioned
that the depth of mining, geological structure, surrounding rock stiffness, earthquake, and
micro seismicity are significant energy sources for coal burst formation.
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Hebblewhite et al. (2017) reviewed the geomechanical aspects of a double fatality coal burst at
Austar Colliery in NSW, and discussed some key technical and operational considerations of
ground support systems and mining strategies required for mining in such circumstance in the
future. Hebblewhite et al. (2017) stated that four conditions must be satisfied simultaneously
in order for a dynamic rock failure to happen. These four conditions are:
1) The stress environment must be sufficiently high to result in rock failure,
2) A situation must exist which can result in a state of unstable equilibrium,
3) A change in a loading system, and
4) A large amount of energy must be stored in the system.
Hebblewhite et al. (2017) concluded that there is a complex mechanics of what causes a
pressure burst and bumps in general. However, in the case of the Austar event, the following
factors contributed to the accident:
➢ High stress, associated with the depth of mining, and possibly supplemented by some
additional stress concentrations resulting from any or all of the regional faulting zones
immediately adjacent to the event location, and of lensing and variations in stiff
overburden sandstone units (and possibly also floor units).
➢ The presence of quite intense regional geological structures in the area, combined with
severely distorted and complex local geology.
➢ The presence of massive sandstone units within the immediate 20 m+ of the
overburden roof, and the possibility of massive units also in the floor.
➢ A very dominant, smooth horizontal shear plane represented by the Dosco band,
providing a dynamic shear failure surface below which the crushed and sheared coal
could move.
➢ The effect of development mining providing a trigger either to destabilising the rock
material above the burst zone in proximity to the fault surfaces ahead of mining,
and/or providing a loss of confinement to the highly stressed coal in the rib that was
undoubtedly subject to high levels of vertical stress.
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Rock support in underground mines and civil tunnels
Strategic approach to dynamic support system
Ground support systems can be achieved through a wide variety of methods including rock
bolting, cable bolting, mesh, and shotcrete. However, some reinforcement and surface support
elements have been specifically designed to resist dynamic loading condition, and the use of
such support can be not only be expensive but also slow in terms of installation. Therefore,
economically, it does not make sense to use a wide range of dynamic resistant ground support
systems throughout mines and civil tunnels. Accordingly, a four step methodology was
suggested by Potvin (2009) to assist with the selection of an appropriate level of dynamic
support systems as well as the relevant installation locations. These four steps are:
1. To identify areas where seismic sources are active and have a high risk of producing
large seismic evets,
2. To assess the magnitude of the ground motion (or shockwave), subjected to peak
particle velocity (PPV), which can be generated at the surface of the surrounding
excavations,
3. To estimate the capacity of the excavations located near the seismic source to resist
the largest probable PPV defined in the previous step; and
4. To examine the rockburst damage potential considering the largest probable ppv and
excavation vulnerability.
Rock support functions
There exists no current model, which can fully explain the interaction between the support
components in a rock support system. However, three key support functions are suggested by
Kaiser et al. (1996) and are summarized below;
1) Reinforce the rock mass to strengthen it and to control bulking,
2) Retain broken rock to prevent key block failure and unravelling, and
3) Hold key blocks and securely tie back the retaining element(s) to stable ground.
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Reinforcing, retaining, and holding are three supporting functions that all must act together
(Kaiser et al. 1996, Kaiser et al. 1997, Potvin et al. 2010, Cai 2013). These support functions
can be achieved by various rock support elements that are well connected including rock bolts,
cable bolts, and surface supporting elements such as mesh and shotcrete. Heal et al. (2006)
studied 254 cases of rockburst damage showing that the weakest link in the ground support
systems used in underground engineering was often the surface support or connection between
the surface support and reinforcing elements and only 30% of the cases were due to
reinforcement failure, shown in Figure 3.10.

Figure 3.10. Breakdown of components of ground support system failures from 254 rockburst
damage observations adopted from (Heal et al. 2006)
The aim of reinforcing the rock mass is not only to strengthen it but also to control the
buckling process to prevent propagation of rock fracturing and the opening up of the rock
mass. The retaining function is activated through using surface retaining elements along with
holding elements. Widely used retaining elements are wire mesh, reinforced shotcrete, strap,
steel arch, or cast in concrete. The holding element is significantly important as it is needed to
tie retaining elements of the support system, and loose rocks back to stable ground, to
dissipate dynamic energy due to rock ejection and rock movement, and to prevent gravitydriven falls of ground. Figure 3.11 illustrates that all three support functions are required in an
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effective rockburst support system. Figure 3.12 shows the importance of the three supporting
elements functioning together. The rock bolt is responsible to absorb some amount of energy
due to any seismic event triggered in the underground mines and civil tunnels. At the same
time, the role of mesh and shotcrete is equally important as they can absorb and bear against
several tonnes of rock ejected from the broken rock mass, which can potentially lead to serious
damage of surface support.

Figure 3.11. Rockburst damage mechanism, damage severity, and required support functions
adapted from (Cai 2013)

Figure 3.12. (a) supported by bolts and shotcrete, (b) fully reinforced, retained and hold by
bolts, mesh and shotcrete adopted from (Kaiser et al. 2013)
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Category of rock bolts used in underground excavations
Rock bolt systems are widely used throughout the world to stabilize underground excavation,
and to prevent rock falling and rock spalling from a surface of an underground excavation.
Systematically, rock bolts are arranged to transfer the load from the unstable surface or
exterior of the rock to the much stronger interior part of the rock mass. The rock mass can be
reinforced by different types of rock bolts. Accordingly, rock bolts can be classified according
to their performance in underground excavation as follows:
➢ Strength bolts,
➢ Ductile bolts; and
➢ An energy absorbing bolt.
Strength bolts refer to those rock bolts that can provide a support load equal or close to the
instinct strength of the bolt material. Ductile bolts, on the other hand, refer to those bolts,
which can accommodate a large deformation in the rock mass. Energy absorbing bolts are
those bolts that have both the characteristics of strength and ductility. Meaning that they have
a high load capacity as well as a large deformation capacity. The energy absorbing bolts are
specifically designed for high-stress rock mass. The performance of these bolts is shown in
Figure 3.13.

Figure 3.13. The performance of strength, ductile and energy absorbing bolts using pull test
adopted from (Li 2010)
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Strength as well as ductile bolts are known as conventional rock bolts that are used to deal
with instability problems under low or relatively low rock stress conditions. Conventional rock
bolts include two-point fixed mechanical bolts, fully grouted rebars, and frictional bolts such
as Swellex, Omega, and Split set. On the other hand, energy absorbing bolts are categorized
into Cone bolts, Modified Cone bolt (MCB), Garford solid bolts, Roofex, D-Bolts and yieldLok bolts.
Fully grouted rock bolts are mechanically bound to the grout/rock through tiny ribs on the
surface of the cylindrical rebars, with the main anchoring mechanism of the mechanical
interlocking between the ribs and hardened grout. However, the mechanism for ductile bolts
inherently works with friction. Meaning that they bind to the rock mass mainly with frictional
resistance along their entire length. In the bore hole they provide a radial pressure against the
rock over its full contact length. Energy absorbing bolts are anchored in boreholes at one or
more discrete loads. The energy absorbing rock bolts anchoring mechanisms are basically
based on the type of bolt that is going to be used. For instance, Cone bolt, MCB, Roofex,
Garford bolt, and Yield-Lok bolt anchoring mechanisms are similar to two-point anchored
rock bolts. The mechanisms are mainly in a sliding element inside which a smooth bar is
travelling, generating a constant frictional resistance. The sliding element is anchored using
resin/ grout. Once the load is exerted on the bolts, the sliding elements start ploughing through
the sleeve to accommodate the deformation in the rock mass as is shown in Figure 3.14.

Figure 3.14. Deformation let by Roofex rock bolt adopted from (Kömürlü et al. 2016)
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On the other hand, the D-bolt mechanism is different from the other energy absorbing rock
bolts. There are two types of these rock bolts including the paddle anchor rock bolt and the
wiggle anchor rock bolt. The D-bolt is made of a smooth steel bar that has a number of
integrated anchors spaced evenly or unevenly along its length. The D-bolt is fully
encapsulated in the borehole using resin/ cementitious grout. The anchors are firmly fixed in
the grout. However, the smooth section of the bar between the anchorage system have no or
very weak bonding to the cementitious grout, which allow the smooth section to elongate
through the borehole induced by rock dilation. tabilize instability problems.
Li et al. (2014) performed a review on the performance of both the conventional and the
energy absorbing rock bolts based on laboratory studies. It was reported that under static pullout testing, the mechanical rock bolt failed at the plate, the fully grouted rock bolt failed in the
bolt shank at an ultimate load equal to the strength of the steel after a small amount of
displacement, and the frictional rock bolt accommodated a large amount of displacement at a
low yield load. However, a comparison was made based on tests results between conventional
rock bolts and energy absorbing bolts and it was found that the energy absorbing bolt can
absorb larger amounts of energy than that of all conventional bolts.
Table 3.3 illustrates different types of rock bolts used in the underground excavation to control
and stabilize instability problems.
Li et al. (2014) performed a review on the performance of both the conventional and the
energy absorbing rock bolts based on laboratory studies. It was reported that under static pullout testing, the mechanical rock bolt failed at the plate, the fully grouted rock bolt failed in the
bolt shank at an ultimate load equal to the strength of the steel after a small amount of
displacement, and the frictional rock bolt accommodated a large amount of displacement at a
low yield load. However, a comparison was made based on tests results between conventional
rock bolts and energy absorbing bolts and it was found that the energy absorbing bolt can
absorb larger amounts of energy than that of all conventional bolts.
Table 3.3. Different types of rock bolts used in under ground
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Underground loading conditions
Low in-situ stress conditions
Horizontal stresses exerted on the rock mass in underground mines and civil tunnels play a
significant role on ground control. The rock block falling from the roof of an underground can
be stopped if there is high enough horizontal stress in the rock mass. However, there is still a
possibility for the rock mass to fall due to gravity in low in-situ stress conditions. Normally, in
the location close to the ground surface, the rock joint sets can be seen, which are sometimes
wide open. This shows that the in-situ stresses in the rock mass are low. Therefore, there is
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still the need for rock support systems to prevent rock falling from the roof of an underground
excavation. The rock support systems in such situations are designed based on the amount of
load they can bear due to the deadweight of the potentially falling block (Li 2017), shown in
Error! Reference source not found.. This situation is called a load-controlled condition.

Figure 3.15. Gravitational load on rock bolts in low stress condition adopted from (Li 2017)
Li (2017) introduced the principles of underground rock bolting design. It was stated that the
traditional principle of selecting strong rock bolts is valid only in conditions of low in-situ
stresses. Thus, the use of factor of safety, defined by the strength of the support system and the
weight force of the block, which in this case is the potential load, is appropriate for the rock
support design in load-controlled condition. On the other hand, He et al. (2018) claimed that
rockburst in low stresses condition can occur by the external disturbances such as blasting,
caving, and adjacent tunnelling.
High stress in-situ stress conditions
High stress in-situ conditions are one of the triggering reasons for rockburst occurrence in
mines. High stress conditions are a combination of natural pre-mining in-situ stress and stress
changes induced by mining (Potvin et al. 2018). Changes in stress concentrations and stress
relief create biaxial or near uniaxial loading conditions near openings. This reduction in
confining stresses according to Potvin et al. (2018) can initiate rock mass degradation and
brittle failure of intact openings. Failure of the rock may occur in either a stable yielding
manner, or in an unstable dynamic manner, depending on the nature of the loading system and
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the properties of the rock. The failure of the rock in each manner causes energy release and the
generation of seismicity.
Geological discontinuities including fault, shear zones, joints or bedding, and local variations
in rock mass contribute to mine seismicity and rockbursting. Potvin et al. (2018) stated that
many mines based in Western Australia are encountering high stress related ground conditions
at only 300 to 400 meters depth. Li (2017) observed that, in high stress conditions, in metal
mines and at a depth of 1000 m, all of the discontinuities exposed on an excavation face were
completely closed due to the high stress conditions. Li (2017) stated that the rock mass quality
is improved at depth because of the reduction in the number of geological discontinuities.
However, this does not mean that the in-situ stresses at depth can be covered by the improved
quality of the rock mass. The in-situ stresses actually increase with depth. At depth, the major
instability of the underground excavation is no longer due to the loosened rock blocks, but
high stresses which cause instabilities leading to rockburst (Li 2017). Rockbursts are
inevitable due to high in-situ stresses. It has been observed in so many cases that with the
increasing mines depth, strain burst can occur in an intensive manner. It was suggested that
rockburst damage would initially relate to the state of stress and the local mine stiffness at a
given rockburst damage location (Gao et al. 2019). Potvin et al. (2018) stated that the location,
orientation, continuity, and material properties of the geological features are important factors
in rock mass failure and these features prescribe how energy is stored and released in a
deforming rock mass. Therefore, the task of rock support systems at depth is no longer to bear
the deadweight of a loosened rock mass but to prevent the failed rock from disintegration. In
such circumstances the rock support system must be deformable and strong in order to deal
with either stress-induced rock squeezing in soft and weak rock or prevent rockburst
occurrence in hard and strong rock.

Rock bolt testing under dynamic loading condition
Designing support system to control the damage from rockburst in underground engineering
needs to be based on the knowledge of shock behaviour and bursting failure of underground
excavations under dynamic loading. In an engineering context dynamic load is essentially
connected with variation in time achieved due to repeated loads, moving loads, impact loads,
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shock waves or seismic events (Hadjigeorgiou et al. 2007). Typically, engineers design the
ground support system for the worse-case scenario, which is either based on the back-analysis
of previous case studies, in situ simulated dynamic events or laboratory dynamic testing
(Plouffe et al. 2008). However, it is difficult to measure the parameters in the field to be able
to answer the main question of how the support and reinforcement elements transfer dynamic
loads, and how the seismic energy is going to be absorbed by the underground support
systems. Therefore, there is a need for the development of laboratory model tests to measure
and understand causes of the rockburst as well as the response of the support elements. In
Error! Reference source not found., two general testing approaches towards understanding
of load transferring mechanism of tendons under high velocity impact loading conditions are
depicted. Basically, when an instantaneous impact velocity is applied directly to the collar by
the movement of a mass, the tendon support system starts to load. As shown in Error!
Reference source not found.a, the outer test tube is rigidly locked at the distal end and the
mass directly dropped on the collar. However, in indirect loading shown in Error! Reference
source not found.b the mass drops on the split test tube at a designated distance from the
collar. In both testing methods, the tendon support system is free to move axially.

Figure 3.16. Two principles of rock bolt dynamic drop tests: (a) direct loading; (b) Indirect
loading adopted from (Gaudreau 2019)
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Drop test
One of reliable applied tests to assess the behaviour of support system in underground
engineering is the drop hammer test or free fall test. With this test, it is possible to provide a
quick and inexpensive means of conducting dynamic impact tests. Drop testing is performed
by vertically raising the drop platform and then releasing it to fall freely under the action of
gravity. Kinetic energy can be delivered to an isolated ground support element by sudden
loading caused by a mass dropped from a fixed height. During the test a portion of the kinetic
energy of the drop platform is dissipated through the impact upon and resulting crush/
deformation of a test specimen (Browne et al. 2002).
For the past 25 years, several test facilities have been constructed in Australia, Canada, China,
South Africa, USA and other countries. All facilities depend on gravity or weight drop to
generate kinetic energy to be applied to ground support elements, leading to understanding the
behaviour of the system under dynamic loading conditions. However, significant differences
can be seen in all testing facilities which make the comparison of their results somewhat
difficult. Therefore, Hadjigeorgiou et al. (2007) provided a comprehensive review of dynamic
testing techniques used for understanding and quantifying the performance of ground support
systems. Accordingly, a summary of each available and pioneer facility is given in Table 3.4
and a general view of each facility is demonstrated in Figure 3.17.
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Table 3.4. Comparison of dynamic load simulation methods used for each trial adopted from (Hadjigeorgiou et al. 2007)
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Terratek hydraulic testing
facility (CSIR)

SRK-Set up 1

SRK-Set up 2

112

SIMRAC

SIMRAC dynamic stope
test facility

SRK/Duraset wedge-block
loading device

113

GRC support element test
facility

Geobrugg testing facility
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Sandvik testing facility

NTC-CANMET dynamic
test apparatus
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ASTM drop test apparatus

WASM test facility

Figure 3.17. General view of drop test facility (Hadjigeorgiou and Potvin, 2007)
Among the tests shown in Table 3.4, and shown also in the last picture in Figure 3.17, the
Western Australian School of Mines (WASMs) rig is a versatile rig and relies on a drop
weight deceleration of the support element being tested (Potvin et al. 2010). Other facilities
are dependent on the kinetic energy generated by the drop weight. SRK and SIMRAC rigs
distribute the impact by dropping the weight on a pyramid of bricks laid over the support
system when the surface support system is tested. Ortlepp et al. (1997) used the SRK-set-up 1
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to measure the surface support system including wire mesh, lacing and shotcrete used in South
African mines under dynamic loading. This system was limited to testing surface support
systems. However, further investigation by Ortlepp et al. (1998) led to the expansion of set-up
1 to set-up 2. The purpose of the improvement of the capacity of the rig was to investigate the
dynamic tensile loading on rock reinforcement units (including 16 mm rebar shepherd crooks,
16 mm diameter smooth bar shepherd crooks, de-stranded hoist rope “slings”, 18 mm compact
strand cable, 39 mm diameter split set bolts and Swellex bolts). However, the input energy
was not calculated accurately. There was no calculation made to measure the portion of energy
absorption for each element of the test. For instance, how much energy was absorbed by the
pyramid of bricks, and how much did the surface support system absorb energy and how much
energy was absorbed by the rock bolts. In this regard Player et al. (2008) argued that the use of
multiple blocks in multiple layers result in a complex load distribution system that can limit
the repeatability of tests. In the set-up 2 the facility functions by a free-falling mass to impact a
stationary swing beam. The impact force is translated from the swing beam to the outside of a
thick wall pipe and the head of the bolt can thus be examined. With this test, it was assumed
that the half of the input energy was absorbed by the mid-point of the swing beam which
transformed the energy to the tendon and the other half is actually wasted by the pivot bar.
This assumption could be wrong as the whole process could have been verified by appropriate
instrumentation such as load cells and the amount of the energy absorption by any system
depends on the relative stiffness of the system.
The SIMRAC dynamic facility was basically built to replicate the configuration of a typical
South African gold mine longwall stope (Hadjigeorgiou et al. 2007). This test rig is limited as
there is no way to test reinforcement units and it was only used for surface support system in
mines. GRC weight drop test was first reported by Yi et al. (1994). This apparatus was used to
undertake dynamic tests on a small steel rod with cushions. The aim of using such an
apparatus was to demonstrate the effect of multiple impact loading which resulted in plastic
strain accumulation on rock bolts. The disadvantage of this rig test was its small scale, the
drop weight and height were relatively small, also it was reported that multiple drops were
required to fail steel rods. The functionality of the GRC and MIRARCO rigs is arguable as the
weight hammer drop, falls directly onto the surface support systems. These two rigs are
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considered to be stiff as the surface support is mounted directly onto steel or concrete pillars
sitting on a concrete floor. However, due to the high stiffness of this system, it is assumed that
there is a high amount of energy being absorbed by the floor. NTC-CANMET drop test
facility was modified a couple of times by (Gaudreau et al. 2004, Plouffe et al. 2007a). The
advantage of this apparatus was its relatively fast, cheap and a full scale bolt could be mounted
in a simulated borehole (Hadjigeorgiou et al. 2011), however, the system stiffness and energy
losses for this apparatus was not examined, which made it complicated to interpret test
results. Recently, this rig was completely rebuilt by CANMET with comprehensive
instrumentation, which made this rig capable to provide an energy input capacity of nearly 60
kJ. The new rig known as NTC-CANMET and its methodology was adopted by the ASTM
organisation as a standard method and instrument to examine the rock anchor capacity under
dynamic loading in the laboratory by drop test (ASTM D 7401-08).
Amongst those test rigs, it is only possible to use SRK as well as WASMs rigs, if complete
support system including reinforcement and surface support system need to be tested.
However, it is not yet possible to test the reinforcement and surface support system all
together.
WASM’s rig was constructed by Player et al. (2004) at the school of mines in Western
Australia to perform repeatable dynamic loading on reinforcement systems, support system
and ground control schemes. This test facility was developed in a novel testing process as it
has a high level of instrumentation to measure forces and displacements mixed with a digital
video recording system and analysing the data to measure the energy absorbed by the system
using the force displacement curve and impact point of the facility. This characteristic of this
facility makes a huge difference from all previously built facilities by overcoming the
deficiencies experienced in them. The input energy was not accurately assessed before through
appropriate instrumentation and loading the system was not correctly undertaken. The detailed
mechanisms of this facility is fully described in (Player et al. 2004, Player et al. 2009). In this
test generally, the simulated rock mass, reinforcement and support system is being dropped
onto the impact surface, resulting in a dynamic loading and deformation of the reinforcement
system. An engineered impact surface was used, consisting of hydraulic buffers to replicate
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the ejection behaviour of the rock mass. This component absorbs some of the energy available
at impact to better transfer the energy of the rock mass to the ejected rock mass. The ejected
rock mass was simulated by steel rings as shown in Figure 3.18. There are some advantages
with this facility, making the results of the test reliable by:
➢ Monitoring the developed force displacement curve, velocity, and deceleration
relative to time, and energy time graphs,
➢ Large input energy is available to test reinforcement systems,
➢ Data analysis methodology and software to understand the critical loading condition,
➢ It is a good replication for dynamic loading condition caused by the ejected rock mass,
and
➢ Full scale systems.

Figure 3.18. WASMs dynamic test facility adopted from (Player et al. 2008)
However, the disadvantages of this system include:
➢ Setting up of the such facility is expensive,
➢ The facility requires at least 6 m height, and
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➢ Longer setting up time for the test.
Blasting simulation
Blast simulation is an in-situ experiment aimed to reproduce high stress dynamic loading that
occurs during blasting or in the rockburst situation, causing the steel to yield, loosening the
rock bolt anchor or in some cases causing complete failure of the rock bolts. (Ortlepp 1969,
Hedley 1992, Otuonye 1993, Tannant et al. 1995, Durrheim et al. 1997, Hagan et al. 2001,
Hildyard et al. 2001, Milev et al. 2001, Reddy et al. 2001, Heal et al. 2004, Stacey 2012,
Potvin et al. 2013).
As data on the response and behaviour of ground support system to strong dynamic loading is
limited. A very pioneering, detailed and thorough testing of support under dynamic loading
initiated by underground nuclear explosion tests was undertaken by the U.S. military (Tannant
et al. 1995). However, blasting tests on rock support in situ in geomechanical engineering field
was performed by (Ortlepp 1969).
The advantage of blast testing is that instead of testing the ground support systems
individually such as reinforcement elements, retaining elements and holding elements, the
behaviour of ground support systems can be examined in situ as a whole system. Even though
the setup of the test is complicated and expensive, nevertheless the results would be more
reliable which can assist design engineers to understand the response of support elements as a
whole. On the other hand, in designing simulated blasting tests, the challenging part is to
collect as much quantitative data as possible, and control blasting parameters such as
magnitude, the release of shock energy and the direction of the explosion, as the data
acquisition system to monitor the data is critical to the quality of the data.
It is worth mentioning that, blasting simulation has become increasingly become attractive
amongst researchers and extensive research is paramount to fully understand the mechanism
of implementing such a test, the details of which are beyond the scope of the current study.
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The performance of rock bolts under dynamic loading
The demand for the ground support systems, especially for challenging ground conditions has
increased over the past few decades. This has led to the development of innovative tendon
support design in underground engineering, such as energy absorbing rock bolts which were
described in section 3.2.3. Therefore, an increasing amount of impact testing on tendon
support system has been conducted around the world to better understand the performance and
response of tendons under dynamic loading conditions.
Yi et al. (1994) investigated the mechanical response of steel rods using weight drop tests. It
was found that the energy balance approach can be used to determine the elastic stress or
plastic strain of steel rods. Furthermore, it was suggested that by placing a soft cushion
between the mesh and the head plate wave energy can be absorbed and weak connections
between the reinforcement and surface support system can be protected. In this way, mesh
tearing off and premature bolt anchor failure of mechanical bolts may be reduced.
Ansell (2000) performed a series of tests on new energy absorbing rock bolts using the freefall test. The rock bolt used in this study was fully grouted in concrete cylinders to simulate
cement grouting as well as the weight of a section of ejected rock. The tested bolts including a
smooth steel bar with a diameter of 16 mm manufactured from mild steel with a yield stress of
300 MPa. The objective of this study was to measure the length of the plastically yielded
section of the bolt and the variation within this section. It was found that the plastic strain
distributed along the length of a fully grouted bolt was not constant.
Gaudreau et al. (2004) assessed the tendon support system subjected to dynamic loading using
quasi-static and impact pull-out testing on a Modified Cone Bolt (MCB). Accordingly, the
displacement evaluation method based on the critically damped harmonic motion was
proposed. It was reported that the method can be used to estimate the tensile load within a
tendon subjected to impact loading for understanding if the tendon can withstand the given
impact, by the axial load in the bolt that may exceed its ultimate tensile strength. Moreover,
during the experimental tests, some discrepancies in yield load from one test to another were
reported and the reason was explained as the adhesion effect of the tendon in the resin matrix.
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It was concluded that the impact cycles have no apparent effect on Young’s modulus or the
ultimate tensile strength of the steel.
Ansell (2005) developed a new energy absorbing rock bolt and tested this dynamically to both
investigate the plastic deformation behaviour of the bolt and compare the dynamic results with
those obtained from the static tests. The new fully grouted rock bolt consists of a steel bar,
without ribs and it was subjected to punching over its length to create a ribbed-like anchorage
system. The test was performed using concrete cylinders to simulate cement grout and the
mass from a section of ejected rock, as shown in Figure 3.19. It was found that the plastic
strain distribution along the length of the grouted rock bolt in dynamic testing is not constant
as it is in the free section of the steel bar. It was concluded that for the rock bolt to perform
properly in dynamic loading conditions the rock bolt must absorb a reasonable amount of
energy; therefore, the permanent plastic strain must be allowed to propagate an adequate
distance along the steel bar of the bolt. In this test, it was found that the load-carrying
components such as the nut were reliable as it was not even close to failure. However, the
testing method could be inappropriate because a 1.5 m long steel beam that was attached to the
nut of the rock bolt was dropped on two parallel beams with H-shaped cross-sections that were
bolted to the ground. This can absorb a significant amount of energy and cannot replicate the
real ejection mechanism in underground mines. A hydraulic buffer could have been used on
each cross-section to absorb energy at the point of impact. Also, the effect of the grout was not
examined as the rock bolt was cast in concrete cylinders to simulate cement grout in rock.
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Figure 3.19. Schematic and general view of the test set up for dynamic testing of fully grouted
rock bolts adopted from (Ansell 2005)
St-Pierre et al. (2007) used the CANMET-MMSL dynamic testing system to verify if the
principle of energy conservation was confirmed with experimental measurements. In this
study, the response of the resin bolts was analysed in four stages:
1. The first stage was the potential energy of the mass, where zero level was considered
as the position of the plate after the drop test,
2. The second stage was the maximum kinetic energy when the mass hits the plate,
3. The third stage was considered as the energy transferred from the drop weight to the
reinforcement system, and
4. The fourth stage was considered as the stage that energy was absorbed by the bolt.
The results showed that the potential energy was very close to the kinetic energy, indicating
that a very small portion of the energy was dissipated by the friction between the mass and the
guiding rails. In addition, by comparing the input energy of the absorbed energy of the system,
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it was observed that not all the energy was transferred to the support element suggesting that a
portion of the energy was dissipated. This dissipation may be in the form of noise and
permanent deformation of the domed plate. It was concluded that the energy balance approach
supported with experimental measurements were accurate.
Plouffe et al. (2007b) conducted a series of tests on MCB using CANMET-MMSL impact
testing apparatus to answer the following questions:
➢ Is grease as a debonding agent necessary to ensure MCB performance?
➢ Does temperature affect the setting time for resin?
➢ How does MCB perform at a higher temperature (e.g., 40˚C)?
➢ How does the borehole diameter affect the performance of two MCB33 and MCB 38?
It was found that under impact testing, no difference was seen between greased and nongreased MCB33 and MCB38 samples. At ambient temperature and at 40˚C, no difference was
found in plate and load between the samples. However, it was seen that at 40˚C, the cone bolt
stopped moving after a couple of drops due to the increase in steel elongation and fatigue.
When comparing the behaviour of MCB33 and MCB38, it was observed that there was a
different trend in plate displacement as shown in Figure 3.20.
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Figure 3.20. Cumulative plate displacement versus drop for (a) MCB38 and (b) MCB33
adopted from (Plouffe et al. 2007b)
Varden et al. (2008) studied the performance of a new dynamically capable Garford bolt using
WASMs drop test facility. The main purpose of the study was to provide a dynamically
capable reinforcement and support system for the Kanowna Belle gold mine, which is a deep,
high-stress, sublevel open stoping mine. Two versions of the bolt were designed. The first
version of the bolt was grouted into a thick wall steel pipe with an equivalent stiffness of 80
GPa. The first version of the bolt performed consistently with an average load of 125 kN and a
displacement of 274 mm at the simulated discontinuity, resulting in 33 kJ of absorbed energy.
The first version of the bolt was then compared with 22 mm diameter cone bolts in high or low
strength grout mixes, shown in Figure 3.21.
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Figure 3.21. Dynamic force-displacement curve for Cone bolt as well as the first version of
Garford bolt adopted from (Varden et al. 2008)
It was obvious from Test No. 1 that for more system displacement, more energy would be
absorbed. Therefore, based upon the initial results the second version of the Garford bolt was
designed with the aim of having a higher sliding capability to resist dynamic loading with an
end stop mechanism. However, the test results show that the second version of the Garford
bolt had a shorter displacement (180 mm) but a high resistive force (145 kN) to loading when
compared with the first version. The shorter displacement means that the second version was
not capable of absorbing energy as per the first version. However, from the dynamic loading,
the end stop mechanism worked well with cone and cup fracture of the steel bar.
Player et al. (2008) examined the behaviour of several reinforcement systems with the WASM
dynamic testing facility including plain strand cable bolts, fully encapsulated thread bars,
debonded thread bar, cone bolts of different designs and encapsulation products and solid bolts
with internal yielding mechanisms. Typical force-displacement responses for fully
encapsulated thread bars as well as debonded thread bars is illustrated in Figure 3.22.
Debonding was provided by a plastic tube crimped to the central of the bar. It was observed
that both steel yield and fracture of the bar occurred at the simulated discontinuity of the fully
encapsulated thread bar. Plastic deformation of steel was required in the debonded length for
the debonded thread bar to absorb the input energy. It was found that the correct selection of
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the nut and washer plays an integral role in maximizing the load transfer through the partial
thread. It was identified that the breakage for static and dynamic axial loading was the same as
long as the 2 m critical embedment length for the 15.2 mm plain strand cable being
considered, otherwise slip occurs. However, the reinforcements were grouted in September
2002 and all samples were tested between 2003 to 2007. This may affect enormously the
embrittlement performance of the grout, which adversely affected the performance of samples
as they can be pulled out prematurely resulting in cable debonding.

Figure 3.22. Dynamic force-displacement responses for (a) fully encapsulated thread bar and
(b) debonded thread bar adopted from (Player et al. 2008)
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It was concluded that the more the reinforcement system moves during a dynamic loading
event, the more energy is absorbed in the reinforcement system due to the additional potential
energy input from the rock moving into the drive. It was also advised that the softer response
from the reinforcement system, such as yielding systems, the higher ejection velocity will be
allowed. Results from the reinforcement tests are summarized in Figure 3.23. Note that any
circled data point indicates failure.

Figure 3.23. Average dynamic force and deformation from WASM dynamic testing adopted
from (Player et al. 2008)
Further, Player et al. (2009) investigated the performance of 20 mm thread bar under dynamic
axial test condition using the WASM dynamic testing facility. The thread bar tests had a
double embedment configuration, with variations to the encapsulation length, debonded
length, surface hardware and fixtures to assess failure mechanisms. The objective of the study
was to investigate the failure criteria for the reinforcement system subjected to a single axial
dynamic load. The thread bar used in this study was 2.4 m in length and had a meter collar
section and testing was carried out 28 days after grouting, as shown in Figure 3.24.
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Figure 3.24. Sample configuration for axial dynamic testing using WASM dynamic testing
facility adopted from (Player et al. 2009)
It was found that if the load could be delayed or reduced to reach the nut, the performance of
20 mm thread bar in dynamic loading conditions can reasonably improve. This was because
the normally 20 mm thread bar is not suitable for dynamic loading conditions. Therefore, the
embedment length at the collar is suggested to be increased and also the central debonding
should be used. It was concluded that with the increasing separation at the discontinuity, more
energy will be dissipated. Also test results suggested that the lower the bond between the
reinforcement and the grout, the better the reinforcement deforms because energy can be
easily dissipated by the reinforcement system.
St-Pierre et al. (2009) proposed a simulation model for a resin-based cone bolt, based on an
experimental investigation using a drop weight test. It was found that the resin-based cone bolt
had two energy absorption mechanisms: 1) sliding in the resin and 2) plastic deformation. It
was found that the angle of the cone plays an important role in the performance of the cone
bolt. It was noted that by increasing the angle of the cone it will increase the possibility of
dissipating the energy by the bolt when the bolt is sliding in the resin. On the other hand, it
was mentioned that if the angle of the cone is too large, the anchoring force will be too large,
meaning the bolt requires more energy and force to be absorbed so as to activate the sliding
mechanism of the bolt, which eventually leads to premature failure of the cone bolt. In this
study, the results collected from the drop weight test were separated into three different parts
as follows, as shown in Figure 3.25:
1. The first impact,
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2. A series of elastic rebounds of the mass on the plate of the bolt, and
3. Equilibrium stage through a series of damped oscillations.
It was noted that only the first impact can result in permanent displacements of the bolt and
the difference between the cone displacement and the plate and cone displacement gives the
bolt elongation.

Figure 3.25. Typical displacements and force measured during a drop weight test of 1461kg
from 1.5 m adopted from (St-Pierre et al. 2009)
Wu et al. (2010) introduced a new energy absorbing rock bolt, known as the Yield-Lok bolt.
In this study, the design criteria of the bolt as well as the principle of performance were
described. The Yield-Lok bolt was fully or partially grouted with resin or cement mortar. The
bolt was made of 17.2 mm diameter steel bar of grade 75. The bolt in one end is upset to a
specified dimension and partially or fully encapsulated in an engineered polymer coating to
achieve a designed yielding performance under dynamic loading. The other end of the bolt
was threaded for tensioning with a nut. Several drop tests were conducted at the CANMET
test facility to optimize the geometry, size, and material of upset and polymer coating to
achieve the specified performance. The bolt was inserted into a 12 mm thick steel tube to
replicate a borehole with an internal diameter of 34.5 mm. A general view of the drop test set
up as well as design components of the bolt are given in Figure 3.26.
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Figure 3.26. General view of drop test equipment and configuration at CANMET and YieldLok components adopted from (Wu et al. 2010)
It was reported that 96 % of the input energy was consumed by the yieldability characteristic
of the bolt through the action of ploughing the upset through the polymer coating and only 4
% of the energy was consumed in steel elongation. Typical testing results are presented in
Figure 3.27. Therefore, it was concluded that the Yield-Lok is capable of absorbing energy
from seismic or rockburst through its yieldability characteristic and this characteristic can be
seen from the curve (Figure 3.27) in the form of a consistent vibration frequency.
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Figure 3.27. Typical load-displacement testing results from Yield-Lok adopted from (Wu et al.
2010)
However, it was stated that the performance of the bolt was independent of the borehole
diameter and resin properties, whilst there was no evidence to suggest how they came to the
conclusion that the resin properties was not effective. It was observed previously that the
bonding between grout/cementitious grout and steel bar has an important role in the
performance of dynamic rock bolts. Also, the bonding between the polymer coating as well as
the resin in this study was ignored.
Li (2010) and Li (2011) studied the behaviour of a newly developed energy absorbing rock
bolt, known as a D-bolt under static pull test and dynamic drop test. D-bolt is a smooth steel
bar designed with several anchors along its length. When it is under stress the smooth section
deforms freely, and the anchored section being designed to create a firm bonding between the
grout and the bolt. For the dynamic drop test, the borehole was simulated by a split steel tube
with an inner diameter of 32 mm and a wall thickness of 12 mm. For every test, a mass of 893
kg was dropped from a height of 1.5 m onto a plate connected to the D-bolt. The test
arrangement is shown in Figure 3.28.
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Figure 3.28. Drop test arrangement: (a) bolt, (b) alignment of the test and (c) test rig adopted
from (Li 2010)
The static and dynamic test results show that the bolt can elongates between 14 to 20 % at a
load level equal to the strength of the bolt material. In addition, the results from the impact
load showed that only 25 % of the input energy was consumed by the bolt plate. This means
that the bolt was capable of absorbing a significant amount of energy. It was also found that
every smooth section of the D-bolt worked independently, and the failure of one section did
not influence the workability of the other section of the bolt. The smooth section of the bolt s
designed to be 0.8-1 m long. Figure 3.29 provides a good comparison in terms of energy
absorption mechanism amongst different rock bolts. It was noted that the area under the loaddisplacement curve represents the energy absorption capacity of a rock bolt.
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Figure 3.29. Load-displacement curves of different rock bolts under static pull loading adopted
from (Li 2010)
Even though the D-bolt performed well in terms of energy absorption and load bearing
resistance, the supporting length determined by the deformation ability cannot prevent the
large deformation of soft rocks.
Wang et al. (2013) proposed new energy absorbing rock bolts which were designed
specifically for squeezing and burst-prone rocks that are often encountered in underground
excavations. The author has been working on the proposed rock bolt since 2010. The
appearance of the bolt is similar to Roofex, but the structure of the bolt is more stable and
simpler. The proposed bolt consists of a smooth steel bar with an anchor near the bottom body
end. The smooth section is inserted into the anchor and can freely slide in response to rock
deformation as soon as the load exceeds the pre-set capability. The anchorage section is firmly
fixed within the borehole using cementitious grout or resin. The static pull-out test has shown
that the new proposed bolt can accommodate deformation of the rock mass in any expected
length at a high load level and the bolt is capable of absorbing a large amount of energy to
maintain the stability of surrounding rock. It was mentioned that the bolt is suitable for
extreme conditions at depth. The performance of the proposed bolt, known as the Wang bolt,
in the static pull test is compared with the other available energy absorbing rock bolts is shown
in Figure 3.37. It was found that the bolt loads increase linearly in the early stage before
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reaching a sliding load, then the load will remain constant as the displacement continues to
increase.

Figure 3.30. Layout and working phase of the new bolt: (a) the bolt after installation and (b)
the bolt after rock dilation adopted from (Wang et al. 2012)
Li et al. (2014) studied the performance of both conventional and energy absorbing rock bolts
under dynamic and static loading conditions, notably in mixed shear and axial loading. The
results are summarized in Figure 3.31. It was found that the conventional rock bolts, unlike the
energy absorbing rock bolts, are characterised by their load capacity. The energy absorbed
capacity of all rock bolts was calculated based on the area under the load-displacement curve
and it was found that conventional rock bolts had a lower energy absorbing capacity compared
to the energy absorbing rock bolts. It was reported that the energy absorbing rock bolts were
characterized by their high load and displacement capacities. It was concluded that because of
the low energy absorption capacity of the conventional rock bolts, they were not
recommended to be used in high rock stress conditions.
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Figure 3.31. Performance of different rock bolts subjected to pull loading adopted from (Li et
al. 2014)
Chen (2014) developed a new method to apply pull and shear loads to the bolt specimen to
evaluate the anchorage performance of the rebar bolt and D-bolt, in particular, the mixed axial
and shear loading. The pull and shear load were applied separately by two hydraulic cylinder
systems. In this test rig, concrete blocks were not in contact with the joints. The general view
of the test rig is depicted in Figure 3.32.

Figure 3.32. Top (a) and front (b) views of the NTNU/SINTEF test rig (Chen 2014)
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The rebar and D-bolt chosen for this study were measured as 20 mm in diameter and 2 m in
length with a thread section of 150-200 mm at one end. In the test, five displacing angles as
well as two joint spacing and three different concrete strengths were used. It was found that
the concrete strength, especially in the concrete-granite blocks hosting the samples, influenced
the test results. The ultimate displacement was higher and larger in the weaker concrete
medium than the stronger hosts, results are depicted in Figure 3.33.

Figure 3.33. Ultimate displacement versus host rock material strength adopted from (Chen 2014)
When the bolt was in a stronger host medium, the bolt bending was significantly larger. In
addition, it was found that the strength of the host rock plays an important role in shear
resistance of the bolted joints, in particular when the bolt is perpendicular to the joint surface.
Chen et al. (2015) study of the performance of rebar and the D-bolt found that the linear
elastic stiffness of both the D-bolt and a rebar profile bolt was mobilised after a small
displacement. Grout crushing was observed to occur under the bolt shank when the displacing
angle was larger than 40o. It was found that the bolt system modulus was reduced by the
displacing angle. This was found to be effective in the bolt performance. It was also found that
due to the firm bonding between the rebar ribs and the grout along the bolt, the stretching
length for the rebar was limited to a section of a few centimetres from the loading position.
However, when a D-bolt is subjected to a pull load, the entire 1 m long D-bolt section between
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two adjacent anchor points becomes stretched, because of the weak bond between the bolt
surface and the medium. This is shown in Figure 3.34.

Figure 3.34. Total load versus total displacement for the D-Bolt specimens (Chen et al. 2015)
One disadvantage of this method of testing is that concrete samples were not externally
confined, resulting in early-stage radial and axial cracking of the concrete. The cracks on the
concrete will, therefore, lead to inaccurate shear results of the bolts as the bolt will be more in
tension rather than in shear.
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Wang et al. (2015) investigated the effect of surrounding rock and the behaviour of the support
on energy transmission and dissipation when a stress wave generated by impact loading
propagates into the rock mass and it was found to be possible to control the impact energy of
the rock block around the support system. Interestingly enough, it was observed that when the
damping of rock blocks increased, the kinetic energy of the rock block around the support
extensively decreased and the impact energy was absorbed effectively. Moreover, it was seen
that when the damping of the support system was at the same level of damping as for the local
rock block, the ability to absorb the energy of the surrounding rock blocks was more than that
of support system. Therefore, it was concluded that the energy absorption should rely more on
the surrounding rock mass rather than a support system.
Wang et al. (2018) proposed a new method to describe the mechanical response of fully
grouted Glass Fiber Reinforced Polymer, GFRP, rock bolts under a combination of prestressed static load and blast dynamic load using Kelvin’s solution. The method was applied in
a case study and it was found that only a small region near the bolt collar was affected since
the axial and shear stress of fully grouted GFRP rock bolts were distributed in that area.
Further investigation found that the distance between the rock bolt and the blasting point, the
strength of blasting, the young’s modulus of the rock mass, and the bolt material play an
integral role in the mechanical behaviour of the fully grouted GFRP bolts. It was found that
when the young’s modulus of the rock mass increased, the maximum axial stress of the GFRP
bolts decreased, this finding is illustrated in Figure 3.35. In addition, the tensile failure of the
bolt due to axial loading is more likely to occur in softer ground conditions and shear failure
of the bolt-rock interface is more likely to happen in harder ground conditions.
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Figure 3.35. The relationship between (a) the maximum shear stress and (b) the maximum
axial stress of rock bolt and rock Young’s modulus adopted from (Wang et al. 2018)
Marambio et al. (2018) applied a numerical methodology based on the finite difference
method using FLAC3D to study the performance of thread bar in dynamic load testing, used
for reinforcement in underground excavations in Chilean mining. It was found that the role of
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the grout in the final strength of the reinforcement was limited. Also, it was found that the
grout can effectively influence the initial stiffness of the system and can slightly improve the
damping of the system.
Wu et al. (2018) studied the influence of cyclic shear loading on the behaviour of the energy
absorbing rock bolts inserted into rock joints by a series of shear tests. In this study, a 6 mm
rock bolt with an ultimate tensile strength of 16 kN was used. The rock bolt was inserted into a
100 mm wide, 200 mm in length, and 100 mm in height specimen using a mixture of plaster
and water with a compressive strength of 50 MPa. A borehole with a 10 mm diameter was
drilled to install the energy absorbing rock bolt. Plaster and water used as a bonding agent. A
general view of the post-test sample is given in Figure 3.36. It was found that the severity of
the damage at the joint surface was relatively minor under direct shear conditions, whilst the
damage was increased significantly under cyclic loading conditions. It was stated that neither
the peak shear strength nor the maximum shear displacement can accurately describe the shear
behaviour of an energy absorbing rock bolt under cyclic loading conditions. Therefore, a new
index of shear energy loss ratio was proposed to examine the shear response of bolted rock
joints under cyclic shear loading conditions. The results are shown in Figure 3.36. With an
increasing cyclic distance of up to 8 mm, Shear Energy Loss Ratio (SELR) of energy
absorbing rock bolts could reach nearly 100 %, whilst SELR of rock joints was observed to be
less than 20 %. these results were appropriate for earthquake conditions, the dynamic loading
in mines and other excavations. However, the results cannot be reliable due to the small-scale
size of the test. A 6 mm energy absorbing rock bolt also cannot be justified as a real scale
testing approach. In addition, the use of plaster and water to replicate the medium condition
(e.g., rock mass) cannot be acceptable because the mechanical behaviour of the rock mass is
different from plaster material. All in all, this study in the field of shear testing of rock bolts
under cyclic loading condition was relatively new, which required further and effective
investigations.
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Figure 3.36. Variation of energy loss ration with cyclic distance and general view of a failure
mode of energy absorbing rock bolt in cyclic shear test adopted from (Wu et al. 2018)
Li et al. (2019) studied the shear performance of rock bolts under dynamic loading condition
using double shear apparatus. A series of laboratory tests were undertaken to evaluate the
effect of three variables on the shear performance of 8 and 16 mm rock bolts at various
orientation angles with respect to the shear face (90˚ and 45˚) and input energy controlled by
the drop height. A double shearing test method was used to assess the performance of the rock
bolts under a shearing load. Three blocks of concrete with a dimension of 300 x 300 x 200
mm3 were caste. The UCS of the concrete blocks was 53 MPa. The borehole diameters were
16 mm and 24 mm to accommodate the 8 and 16 mm rock bolt, respectively. The
experimental results indicated that the rock bolt diameter, concrete strength, and installation
angle can affect the shear resistance of rock bolts under dynamic loading conditions. By
comparing the results from both static and dynamic loading conditions, it was found that rock
bolts under dynamic load had a lower shear resistance when compared with the static
condition. This comparison was made based on the energy absorption of the system through
load-displacement graphs. In this study, the lateral, as well as radial cracking of the concrete,
affected the rock bolt failure characteristics, more tension rather than shear. Another problem
was the position of the plate underneath the outer block which was far away from the joint
face. This gap created a bending movement of the sample during the test, which may affect the
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test results adversely, because some amount of energy could be wasted through such a reaction
of the apparatus setting. The main purpose of using a double shear box is to allow only the
middle section of the apparatus to travel vertically whilst the outer entity of the apparatus is
fixed. Clearly, this purpose was not sufficiently considered. Another criticism around this
study is the choice of rock bolts. The rock bolts chosen for this study were very small and
have not been used in practice for dynamic loading conditions. The 16 mm rock bolt did not
manage to rupture, and the reason could be the size of the apparatus, or the radial and axial
cracks in the concrete which could have been simply managed by internal confinement. Even
though this study introduced new insights into the investigation of the shear response of
conventional rock bolts using double shear apparatus under drop test, there is still a huge
knowledge gap in fully understanding the shear behaviour of rock bolts under drop hammer
test and also how to improve the testing methodology to be able to achieve more reliable
results.
Hao et al. (2020) proposed a new high-performance energy absorbing rock bolt with high
constant working resistance and long elongation. The proposed bolt consisted of three parts,
rebar, a sleeve tube with a partial slope in the inner surface and a circle of steel balls.
Accordingly, the static pull-out test was undertaken to examine the static performance of the
new bolt. The load-displacement graph showed the performance of the new bolt was
characterized by high stiffness, high constant working resistance and adjustable supporting
length. A comparison was made between the new energy absorbing rock bolts and other
available energy absorbing bolts, as shown in Figure 3.37.
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Figure 3.37. Load versus displacement of the proposed energy absorbing bolt with constant
working resistance of 120kN and other available energy absorbing rock bolts adopted from
(Hao et al. 2020)
It was found that the proposed rock bolt had high stiffness ranging from 1.69 kN/mm to 4
kN/mm. meaning that the bolt was capable of providing rapid support to resist deformation of
surrounding rocks in field applications. An advantage of this rock bolt is having an adjustable
supporting length, which makes it more suitable to use in a soft rock as they can accommodate
a larger deformation. The performance of the bolt was examined through numerical modelling
of a deep soft roadway excavated in a coal seam with no support, the conventional rock bolt
support, and new energy absorbing rock bolts. It was found that the new bolt can decrease the
deformation and plastic range of deep roadways through its long deformation capacity and
high load bearing capability.

Numerical and analytical modelling under dynamic loading conditions
Numerous computers modelling programmes, as well as analytical modelling, have been
developed for simulating civil and geotechnical engineering problems over the past few
decades. Some of them partially can be used to design and analyse roof bolting systems.
Ansell (2000) studied the performance of new energy-absorbing rock bolts in concrete
cylinders under dynamic loading conditions using free-fall tests. As a follow-up, the results
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were analysed through a developed model using numerical stress wave propagation models. It
was found that plastic strain distribution along a fully grouted rock bolt was not constant. It
was also observed that the energy dissipation due to friction and adhesion between the steel
bar and concrete was small. In this study, the assumption was that the rock bolt was behaving
as an infinitely long bar. Meaning that the reflection of the stress wave was not considered
which makes the performance of the model questionable.
Abrate (2001) investigated the effect of foreign objects on composite structures. In this study,
a good insight was given regarding a general understanding of the impact dynamics and the
chosen method for developing efficient and accurate models. The dynamic models were
categorized into three groups including energy-balance models that assume quasi-static
behaviour of the structure, spring-mass models that consider the dynamic behaviour of a
structure more simply, and complete models in which the dynamic behaviour of the structure
is fully modelled. It was found that local deformations in the contact zone have a significant
effect on the contact force history and must be accounted for in the analysis. It was postulated
that during the loading phase of the impact, the contact force P is related to the indentation 𝛼
by Eq 3.1;

3

Eq 3.1

𝑃 = 𝑘𝛼 2

and the contact stiffness is given by Eq 3.2;

4 1
𝐾 = 𝐸𝑅2
3

Eq 3.2

where the parameters R and E are defined as Eq 3.3 and Eq 3.4;

1
1
1
=
+
𝑅 𝑅1 𝑅2

Eq 3.3
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1 1 − 𝜗1 2 1 − 𝜗2 2
=
+
𝐸
𝐸1
𝐸2

Eq 3.4

Where R1 and R2 are the radii of curvature of two bodies. The Young’s modulus and Poisson’s
ratios of the two bodies are E1, 𝜗1 , and E2, 𝜗2 , respectively. Subscript 1 and 2 represents the
properties of the indenter and the target, respectively.
Ivanovic et al. (2002) investigated the static and dynamic performance of ground anchorage
system. The focus of this study was on the resin bonded rock bolt anchorages. Accordingly, a
new method for the non-destructive testing of anchorages was developed using lumped mass
to simulate the response of the anchorages to changes in pre-stress and impact load. In this
lumped mass model, the anchorage was represented by seven masses and several spring/
damper systems, as it is shown in Figure 3.38. Pre-stress was simulated in the model by
changing the force at the rock bolt head connection, which was dependent on the displacement
caused by the stretching of the bar, compression of the concrete, and the deflection of the
bearing plate. It was found that the head of the anchorage is the most influential components
in determining the response.

Figure 3.38. Lumped parameter model adopted from (Ivanovic et al. 2002)
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Gaudreau et al. (2004) proposed a calculation method for the displacement evaluation of
tendon support subjected to impact loading based on critically damper harmonic motion. The
method consisted of two main steps; 1) rheological model used to simulate the displacement of
a tendon under impact loading, 2) potential energy and work balanced with the friction factor
imparted to the rheological model. Figure 3.39 illustrates the rheological model used to
simulate the tendon support under impact loading in this study.

Figure 3.39. The rheological model adopted from (Gaudreau et al. 2004)
It was described that the mass m is impacted at initial velocity and displacement V0 and x0
respectively. The spring has a plastic stiffness of kp and when it is displaced a constant yield
force is added to the spring. It was noted that the overall constant yield force value Fy (N)
consisted of a yield load and a friction factor:

Eq 3.5

Fy = Yield force+ Ff

To solve the equilibrium for this model, for forces,
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𝑚

𝑑2 𝑥
𝑑𝑥
+
𝑐
+ 𝑘𝑝 + 𝐹𝑦 = 0
𝑑𝑡 2
𝑑𝑡

Eq 3.6

where m is the mass, c is the damping factor, kp is the plastic system stiffness as evaluated
from pull testing of the tendon, and Fy the overall constant yield force for the displacement of
the system. To obtain the axial load in the tendon as well as the energy absorbed through the
tendon’s movement in the impact load, the following equations were suggested,

𝑥𝑔 = (𝐶1 . 𝑡 + 𝐶2 ). 𝑒 −𝑤𝑡 −

𝐹𝑦
𝑘𝑝

Eq 3.7

𝑘𝑝
𝑤=√
𝑚

Eq 3.8

𝐶1 = 𝑉0 + 𝑤. (𝑥0 +

𝐹𝑦
)
𝑘𝑝

Eq 3.9

𝐹𝑦
𝑘𝑝

Eq 3.10

𝐹𝑏𝑎𝑟 = 𝑥𝑔 . 𝑘𝑝

Eq 3.11

𝐶2 = 𝑥0 +

And the potential energy absorption (J) can be calculated as:

𝐸𝑏𝑎𝑟 = (

𝑚𝑉0 2
) + 𝑚. 𝑔. max 𝑥
2

Eq 3.12

where xg (m) is the model’s calculated tendon head displacement (3), kp (N/m) the plastic
stiffness of the tendon support system, m is the mass (N), x0 (m) and v0 (m/s) the initial
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displacement and speed respectively, t is the time (s), C1 and C2 the particular solution
constants, g is the gravitational constant (m/s2), and max x (m) is the maximum displacement
calculated. Figure 3.40 illustrates the proposed calculation model result which is in good
agreement with experimental results.

Figure 3.40. Filtered data representation for instrument signals during test adopted from
(Gaudreau et al. 2004)
Therefore, the method could provide a means of calculating the maximum capacity of tendons
for rockburst support design. However, in the proposed model the non-linear plastic
deformation characteristics of steel under impact load was not considered which can
significantly affect the results. Also, the adhesion effect of the tendon in the resin matrix was
not considered in the model calculations. The effect of the adhesion can affect the energy
absorption capacity of the system.
St-Pierre et al. (2009) proposed a dynamic simulation model for a resin-based cone bolt based
on an experimental study. It was found that the cone bolt has two energy absorption
mechanisms; sliding in the resin and plastic deformation. Accordingly, to simulate such
behaviour, a two degrees of freedom lumped mass model was proposed as shown in Figure
3.41.
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Figure 3.41. Schematic representation of the cone bolt model (St-Pierre et al. 2009)
The developed model was able to simulate the cone and plate displacements and the force
exerted on the bolt for the entire duration of the test. The drop weight was shown by m1 and
the cone of the bolt was shown as m2 and set to a value of 2 kg (half the mass of the cone bolt).
The elements connecting m2 to the fixed base represent the sliding of the bolt in the resin,
whilst the other element between m1 and m2 represents the bolt parameters. Once the force
applied to the bolt exceeds the static friction Fs, the bolt begins to slide and during its
movement, the kinetic friction Fk, the spring kc and the damper cc are considered. It was noted
that when the velocity of the cone was reduced to zero, no further movement of the cone is
possible. The bolt stiffness and bolt damping were shown by kcb and ccb, respectively. It was
found that it is possible to have two sets of equations depending on the sliding mechanism of
the cone bolt. The equations of motion were defined as follows.
If Fbolt < Fs, meaning the bolt is not sliding (𝑥̈ 2 = 𝑥̇ 1 = 0) which makes the system
degenerates to one degree of freedom as follows:

𝑚1 𝑥̈ 1 + 𝑘𝑐𝑏 (𝑥1 − 𝑥2 − ∆𝑥) + 𝑌𝑒 + 𝑐𝑐𝑏 𝑥̇ 1 + 𝑚1 𝑔 = 0
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Eq 3.13

If the bolt is sliding, then:

𝑚1 𝑥̈ 1 + 𝑘𝑐𝑏 (𝑥1 − 𝑥2 − ∆𝑥) + 𝑌𝑒 + 𝑐𝑐𝑏 (𝑥̇ 1 − 𝑥̇ 2 ) + 𝑚1 𝑔 = 0

Eq 3.14

𝑚2 𝑥̈ 2 + 𝑘𝑐𝑏 (𝑥1 − 𝑥2 − ∆𝑥) − 𝑌𝑒 − 𝑐𝑐𝑏 (𝑥̇ 1 − 𝑥̇ 2 ) − 𝐹𝑘 + 𝑘𝑐 𝑥2 + 𝑐𝑐 𝑥̇ 2 = 0

Eq 3.15

After calculating the values for Ye, kcb and, based on the current position and velocity
calculated above, it is possible to determine the force in the bolt by Eq 3.16.

𝐹𝑏𝑜𝑙𝑡 = 𝑌𝑒 + 𝑘𝑐𝑏 (𝑥2 − 𝑥1 − ∆𝑥) + 𝑐𝑐𝑏 (𝑥̇ 2 − 𝑥̇ 1 )

Eq 3.16

The developed model was validated by experimental testing. However, the values of certain
parameters of the model had been obtained from experimental tests. This means the model has
limited applicability as it can only be used in conjunction with experimental tests. Also, it was
mentioned that the cone parameters of the developed model needed to be adjusted for each
simulation because the cone displacement value was significantly different test by test. This
made the model computationally time-consuming. All in all, the model was in good agreement
with the experimental findings.
Mortazavi et al. (2013) studied the behaviour of three types of fully grouted rock bolts
including non-plated, plated, and yielding under dynamic loading condition using FLAC 3D
code. It has been found that the application of fully grouted bolts without the head plate is not
recommended. It was also found that due to the high rate of loading there was not enough time
for stress transfer through the bolt-grout and the grout-rock interfaces to the rock mass.
Furthermore, wave multiple reflections caused added stress build up in the bolt, which leads to
bolt failure. If a plate is installed at the bolt head, the head plate displacement will be a
function of rock mass displacement. In this case, a bolt can withstand the rock mass
displacement significantly better than a non-plated bolt, but the bolt interface strength is not
sufficient to control the overall rock mass displacement. The dominant failure mode, in this
case, is the bolt interface failure which leads to full stress release in the bolt. The yielding rock
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bolt has the best performance in stabilizing the surrounding rock mass. In the design of the
yielding rock bolts, the point that should be considered is that if the anchoring part of the rock
bolt has no possible way of movement, it leads to the concentration of stress in the rock bolt
shaft. Accordingly, the cone rock bolts, due to a limited movement capability of the cone and
the elongation of the rock bolt, are the best choice under dynamic loading conditions. In this
study, the Mohr-Coulomb criterion was selected as the constitutive model for surrounding
rock mass and grout, and an elastic model was considered for the rock bolts in all cases.
Chen et al. (2014) modelled the impact of rock bolt with passive friction control to understand
better the mechanism of yieldable rock bolts under dynamic loading condition. A one
dimensional of three degree of freedom including three lumped mass elements, m1, m2, and m3,
was considered, which represented the affected rock mass, the mass of the energy absorber,
and the mass of the bolt plate, respectively, shown in Figure 3.42. The interaction between the
energy absorber and bolt head was represented by kt and ct as the stiffness and damping
elements respectively, which are both governed by the rock bolt properties. In addition, the
interaction between the energy absorber and the affected rock mass was simulated by the
stiffness kg and damper cg, which are both governed by the properties of grout. Also, kr and cr
simulate the interaction between the affected and non-affected rock, and both are governed by
the rock properties.

Figure 3.42. Three-degree-of-freedom nonlinear dynamic model with energy absorber adopted
from (Chen et al. 2014): (a) Three degree of freedom nonlinear dynamics model; (b)
Configuration of Roofex rock bolt.
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In this study, a model for fully grouted rock bolts is also given to better compare the results of
Roofex bolts with conventional rock bolts, which is shown in Figure 3.43.

Figure 3.43. A model representing a fully grouted rock bolt without energy absorber adopted
from (Chen et al. 2014): (a) A model representing a fully grouted rock bolt without energy
absorber; (b) Configuration of a fully grouted rock bolt
The number of independent displacements required to deﬁne the displaced positions of all the
masses relative to their original position is called the number of Degrees of Freedom (DOFs)
for dynamic analysis. Chen et al. (2014) simplified the system from multi-degrees of freedom
to three degrees of freedom, by assuming only the rock mass, energy absorber, and rock bolt
are moving in the x-direction. For the dynamic three-degrees of freedom model shown in
Figure 3.42, Chen et al. (2014) formulated the system of equations of motion as follows;

𝑚1 𝑥̈ 1 + 𝑘𝑟 (𝑥1 − 𝑥0 ) + 𝑐𝑟 (𝑥̇ 1 − 𝑥̇ 0 ) − 𝑘𝑔 (𝑥2 − 𝑥1 ) − 𝑐𝑔 (𝑥̇ 2 − 𝑥̇ 1 ) =

Eq 3.17

𝐹𝑡 (𝑥3 , 𝑥2 ) + 𝐹1 (𝑡)

𝑚2 𝑥̈ 2 + 𝑘𝑔 (𝑥2 − 𝑥1 ) + 𝑐𝑔 (𝑥̇ 2 − 𝑥̇ 1 ) − 𝑘𝑡 (𝑥3 − 𝑥2 ) − 𝑐𝑡 (𝑥̇ 3 − 𝑥̇ 2 ) =
−𝐹𝑓 (𝑥̇ 3 , 𝑥̇ 2 )

𝑚3 𝑥̈ 3 + 𝑘𝑡 (𝑥3 − 𝑥2 ) + 𝑐𝑡 (𝑥̇ 3 − 𝑥̇ 2 ) = 𝐹𝑓 (𝑥̇ 2 , 𝑥̇ 3 ) + 𝐹𝑡 (𝑥1 , 𝑥3 )
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Eq 3.18

Eq 3.19

where x1, x2, and x3 are the displacements of the affected rock mass, energy absorber, and the
bolt head, respectively. 𝑥̇1 , 𝑥̇ 2 , and 𝑥̇ 3 are the velocities of the rock mass, energy absorber, and
rock head, respectively. 𝑥̈ 1 , 𝑥̈ 2 , 𝑥̈ 3 are the accelerations of each element. F1 is the impact load
on the rock, F2 is the impact load on the rock bolt, Ff the function of friction force in the
energy absorber, and Ft the function of contact force on the bolt head. Eq 3.17, Eq 3.18, and
Eq 3.19 were derived based on energy absorber rock bolt. However, with slight changes in the
above equations, the equations below for fully grouted rock bolts can be developed.

𝑚1 𝑥̈ 1 + 𝑘𝑟 (𝑥1 − 𝑥0 ) + 𝑐𝑟 (𝑥̇1 − 𝑥̇ 0 ) − 𝑘𝑔 (𝑥2 − 𝑥1 ) − 𝑐𝑔 (𝑥̇ 2 − 𝑥̇ 1 ) =

Eq 3.20

𝐹𝑡 (𝑥3 , 𝑥2 ) + 𝐹1 (𝑡)

𝑚2 𝑥̈ 2 + 𝑘𝑔 (𝑥2 − 𝑥1 ) + 𝑐𝑔 (𝑥̇ 2 − 𝑥̇ 1 ) − 𝑘𝑡 (𝑥3 − 𝑥2 ) − 𝑐𝑡 (𝑥̇ 3 − 𝑥̇ 2 ) = 0

Eq 3.21

𝑚3 𝑥̈ 3 + 𝑘𝑡 (𝑥3 − 𝑥2 ) + 𝑐𝑡 (𝑥̇ 3 − 𝑥̇ 2 ) = 𝐹𝑡 (𝑥1 , 𝑥3 )

Eq 3.22

It was found that the bolts were highly vulnerable to failure under dynamic impact loads if the
bolts are without a dynamic energy absorber. A combination of the effect of vibration
frequency as well as velocity magnitude was also obtained when sliding occurred. A most
widely used friction law was adopted in this study to quantify the friction property of the
energy absorber by the use of following exponential expression:

𝐹𝑓 = 𝐹0 𝑠𝑖𝑔𝑛(𝑉𝑟 )[1 − exp (𝛽𝑉 |𝑉𝑟 |)][1 + (𝑓𝑟 − 1)exp (𝑎𝑉 |𝑉𝑟 |]

Eq 3.23

where Vr = 𝑥̇ 3 − 𝑥̇ 1 is slip speed of the energy absorber, av and 𝛽𝑉 are constant. The computed
results are in Figure 3.44, showing that the maximum tension force in the bolt can never be
over 80 kN because of the energy absorber.
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Figure 3.44. Response of rock bolt system with energy absorber (a-d) and without energy
absorber (e-f) adopted from (Chen et al. 2014)
Chen et al. (2014) simulated the contact between the bolt head and the rock face, Ft using
Hertz-type contact force model as follows:

𝐹𝑡 = 𝑘𝑐 (∆𝑥)𝑝

Eq 3.24
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in which ∆𝑥 = 𝑥3 − 𝑥2 is contact penetration, kc and p, are respectively, contact stiffness and a
constant. In the equations listed above, stiffness and damping coefficient are calculated based
on the general equations as follows:

k=

𝐸𝐴

Eq 3.25

𝐿

Eq 3.26

C= 2ξ√𝑘𝑚

where E is Young’s modulus, A is the cross-sectional area, and L is the length of the object,
and ξ is the damping ratio.
Nie et al. (2014) modelled rock bolts using two-dimensional Discontinuous Deformation
Analysis (DDA) to understand the response of rock bolts under various loads. The rock bolt
material modelled by the elastic, liner strain hardening behaviour. Different bond stiffness was
also used for the interface between the rock and the rock bolt to simulate the anchored system.
It was found that the impact amplitudes and durations can influence the peak load and the
maximum displacement. It was concluded that rebar is not a good choice for energy
dissipation as it was seen to have a low deformation capacity. D-bolt, however, could deform
much more and sustain a large impact. Results are shown in Figure 3.45.

Figure 3.45. Effect of impact loading on the performance of rebar and D-bolt adopted from
(Nie et al. 2014)
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Mardalizad et al. (2016) investigated numerically the behaviour of sandstone rock under
uniaxial compressive loading. The objective of the study was to find an appropriate material
model as an affordable and alternative option to the expensive field and laboratory
experiments. For this purpose, explicit FE analysis, using LS-DYNA was performed.
Consequently, the numerical model was compared to unconfined compression tests. It was
suggested that for simulating rock, LS-DYNA material model MAT_072R3 is cost-effective
and accurate since with only knowing two parameters and adjusting some other parameters,
the model could be calibrated.

Figure 3.46. Numerical response versus experimental result adopted from (Mardalizad et al.
2016)
Tahmasebinia et al. (2018) developed a numerical and a novel analytical simulation technique
for cable bolts to examine the structural behaviour of cable bolts under static and dynamic
loading conditions. To simulate the behaviour of cable bolts under dynamic and static loading
condition, a three-dimensional finite element model was developed using commercial software
ABAQUS, shown in Figure 3.47.
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Figure 3.47. 3-D finite element model under static and dynamic loading along with loaddisplacement curve adopted from (Tahmasebinia et al. 2018)
The analytical solution was also suggested based on plastic analysis to examine the behaviour
of cable bolt under quasi-static loading condition. It was concluded that the models developed
in this study can be used to assess the cable bolt behaviour under dynamic loading to design
ground support in burst-prone conditions. All in all, this is a unique study in this field, and it
opens up a new insight into the study of dynamic shear behaviour of cable bolts.

Figure 3.48. Von Mises stress distribution in cable bolt under impact load adopted from
(Tahmasebinia et al. 2018)
Jin-feng et al. (2019) studied the bond strength at the interface of a rock bolt and a rock mass
under a dynamic axial tensile load. Also, the mechanical performance of fully grouted rock
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bolts in situ was examined under the non-uniform stresses of the surrounding rock along the
bolts. Accordingly, a dynamic bond-slip model was proposed. Further, an analytical model
based on the dynamic model was developed to solve the shear stress distribution along the
bolts, load-displacement relationship, and relative displacement considering the slip of the free
end. The validation of the proposed models was done using the results from laboratory model
tests and in situ tests. It was concluded that the proposed model was in good agreement with
the results of laboratory tests and field monitoring. The bond-slip relationship for fully grouted
bolts in the previous study by (Dai et al. 2006, Zhou et al. 2010, Ma et al. 2013) was
considered to be constant. However, in the proposed model, this assumption was modified
because it was found that the bond-slip relationship varied along the whole bond length of the
bolt. However, the proposed models were limited to the use of cementitious grout as a bonding
agent between rock bolts and rock mass and other grouting techniques such as resin grouting
were not covered in this research study.

Summary
With the increasing use of the ground support system in engineering underground excavations
and civil tunnels, attention has been drawn, in the last 25 years, to the rock bolt response and
performance in different ground conditions, especially in shear. Recent studies, including
experimental tests, numerical modellings, and mathematical calculations, on the evaluation of
the shear strength properties of rock bolts, have enabled a better characterization of rock bolts
and their installation in different ground conditions. In this chapter the rockburst mechanism
types, rockburst damage and different methods and strategies to control this phenomenon were
thoroughly reviewed.
Understanding the dynamic behaviour of conventional rock bolts as well as energy-absorbing
bolts to mitigate or reduce the effect of kinetic energy in burst prone ground conditions in
mining and tunneling excavations have been one of challenges and concerns amongst
geotechnical engineers. Therefore, there is a need to replicate the underground deep mine
situation to investigate the dynamic behaviour and response of rock bolts in the laboratory.
There are different methods to achieve such approaches in both the laboratory and in situ
including drop test and blasting simulations.
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Over the past few decades, the axial and shear performance of rock bolts as an underground
support system has been under investigations by many researchers using static pull-out tests,
single and double shear testing techniques under low-stress environments. Also, there has been
extensive research undertaken regarding the dynamic axial response of conventional as well as
energy-absorbing bolts in both in situ and the laboratory to find out the critical effective
parameters in rock bolts subjected to dynamic loadings. However, almost no attention has
been given to the dynamic shear performance of conventional rock bolts as well as yieldable
rock bolts used in underground support system in high stress loading conditions. Therefore,
there is a huge gap in the research and development of rock bolts in this area which needs to
be concentrated on.
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Experimental study on static double shear behaviour of cable bolts
under different angle of orientation
The content of this chapter is a combination of two joint projects which are already submitted
for publication under following citations.
➢ The first part is submitted as follows:
Yang, G., Aziz, N., Khaleghparast, S., Anzanpour, S., Nemcik, J,” Shear testing of cable
bolts in circular double shear rig,” Tunnelling and underground space technology, Submitted
on 28/09/2020 (under review).
Contribution of the authors:
Guanyu Yang, Saman Khaleghparast, Sina Anzanpour, designed the experimental program,
prepared the specimens, and conducted the experiments.
Guanyu Yang and Saman Khaleghparast analyzed the experimental test results and prepared
the manuscript.
Naj Aziz and Jan Nemcik supervised the research study and reviewed the manuscript.
➢ The second part of the study is a project funded by ACARP undertaken by three
universities including University of Wollongong (UOW), University of New South
Wales (UNSW), and University of Southern Queensland (USQ). The work is reported
to ACARP under project number of C27040.

4.1 Introduction
The use of long tendon cable bolts as ground support systems is now a common practice in
modern underground coal mines, hard rock mines, tunnels, and other underground structures.
Due to their material properties, cable bolts contribute significantly to the overall ground
reinforcement provided by a support system. Cable bolt properties in tension and shear, are in
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many cases vital in maintaining a safe environment and a productive operation. Accordingly,
tension and shear properties must be assessed for credibility. More than 25 years of
uninterrupted research has been undertaken at the University of Wollongong on ground
support technology for underground mines. This research has resulted in significant findings
with respect to tendon characteristics and strength properties. In this chapter a comprehensive
investigation is undertaken on the effects of various installation angles of cable bolts
contribution using double shear apparatus. Focus of this chapter mainly is on the fourth
generation of cylindrically shaped shear test apparatus for assessing tendon performance in
shear. This shear apparatus, known as MK-IV Double Shear Box (MK-IV DSB) is also known
as the Naj Aziz Double Shear Box (NADSB). The MK-IV box is circular in shape and is fitted
with a lateral truss system, which permits friction free shear testing of tendons across joint
planes. The general test procedure of the NADSB is described and a series of double shear
tests were carried out on SUMO cable bolts and 15.2 mm Jennmar cable bolt in 40 MPa
concrete blocks. Both plain and indented cable bolts were tested under various pretension
loads that are commonly used in Australian mines. The influences of axial pre-tension load,
the surface profile roughness and concrete medium confinement were studied. The concrete
medium confinement included both externally clamped and a combination of both internal and
external confinement. In addition, the shear performance of different cable bolts used in
Australian underground mines and civil tunnels will be reviewed under varying angles of
installation through using the newly designed double shear box.

Cylindrical MK-IV double shear tests
MK-IV Double Shear Testing (DST) was carried out on fully grout encapsulated and axially
tensioned cable bolts installed in three cylindrical concrete blocks, shown in Figure 4.1. The
aim was to examine the behaviour of reinforced cable bolts in shear under different axial
loading conditions. The testing procedure involved concrete casting, cable bolt installation,
pretensioning and grouting, followed with shear loading.
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Figure 4.1. Cylindrical double shear box with schematic view and the carrier cradle (Yang et
al. 2020)
Sample preparation and test procedure
The procedure of casting concrete for the MKIV rig was the same as casting concrete blocks
for MK-III rectangular blocks reported by Mirzaghorbanali et al. (2017), however with some
differences because of the size and shape of the cast concrete blocks. Each double shear rig
concrete set up consisted of three 300 mm diameter concrete cylinders with two 300 mm long
side blocks and a 450 mm long central cylinder. A 5 mm Formatube cardboard with a 300 mm
diameter was used as the mould to cast the concrete cylinders, The procedure for setting up the
cylinders fitted with a central steel tube wrapped with PVC tube was the same as that reported
in the ACARP project C42012 by Aziz et al. (Dec 2017), with the exception that the diameter
of the cast concrete cylinders for MK-IV DSB were 300 mm instead of 250 mm as described
by Aziz et al. (2019). The process of preparing the concrete with a central hole mould and
subsequent casting of concrete cylinders are shown in Figure 4.2.
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Figure 4.2. The process of concrete casting for MK-IV box, (a) without internal confinement,
and (b) with internal confinement
The strength of the cast concrete was typically maintained at 40 MPa, however, in some
moulds, 3 mm thick 150 mm diameter steel tubes were axially embedded in the concrete to
enhance the effect of confinement internally on the cable performance. These steel tubes had
several large holes cut along their walls to maintain poured concrete continuity in the overall
diameter of the cast cylinders, thus avoiding air traps, shown in Figure 4.3.
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Figure 4.3. (a) General view of provided large holes on the steel tubes, (b) post test view of the
steel tubes
After a few days of casting the concrete blocks were removed from the cardboard moulds and
mounted on the double shear test apparatus, shown in Figure 4.4.

Figure 4.4. Concrete clocks mounted on the MK-IV rig
The lower semicircular side steel frames of the 300 mm long side blocks were placed on steel
support cradles resting on the carrier base frame. The middle section of the double shear rig
set-up rested temporarily on the purpose-built table with retractable legs as shown in Figure
4.1c and Figure 4.5, which is removed to enable vertical movement during shearing test.
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Figure 4.5. Temporarily purposed-built table to hold the middle section
Composite foam ring packers were then glued around the bolt hole at each joint face to ensure
no grout leakage when the concrete blocks butted together. Next the Lateral Trust System
(LTS) was installed across the assembled concrete blocks and was followed by the addition of
load cells on the cable ends. Barrel and Wedges (B&W) were used for tightening the cable
bolt assembly. Hydraulic Blue-Healer tensioner was used to pretension the cable in the double
shear rig to the required tension level. Once the cable was pretensioned, cementitious grout
with a cement to water ratio of 0.40 was injected from vertically pre-cast radial holes on top of
each concrete block into the hole annulus space around the cable strand. Once grout was set
and cured, the double shear assembly was mounted on a 500 t capacity hydraulic universal
testing machine, shown in Figure 4.6. The recommended rate of shearing was 1 mm/ min for
the maximum 100 mm vertical displacement as shown in Figure 4.1a. The test would be
stopped when the cable bolt is totally snapped or the shear displacement reached 100 mm,
which is the vertical travel range of the 500 t capacity compression machine.
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Figure 4.6. Double shear MK-IV placed in 500 t capacity hydraulic universal testing machine
Testing results and analysis
Table 4.1 lists the number of tests carried out in this programme of study. SUMO cables as
well as 15.2 mm Jennmar cable bolts were used with different test conditions and tested in 40
MPa concrete cylinders. The addition of the lateral truss system to the MK-IV apparatus
prevented lateral contact between the joint faces of the concrete blocks, thus permitting
frictionless shearing of the cable. Figure 4.7 illustrates a post-test rig with visible gaps
between sheared blocks.

167

Table 4.1. Summary of double shear test results using MK-IV double shear box (Yang et al.
2020)
Test
No.
1
2
3
4
5
6
7
8
9

Cable
type
SUMO
Plain
SUMO
Plain
SUMO
Plain*
SUMO
Plain*
Indented
SUMO
Indented
SUMO
Indented
SUMO*
Indented
SUMO*
MW9
Plain

Pretension
(kN)

Peak
shear load
(kN)

Failure at
peak
Shear load
(mm)

Axial
load cell
1 (kN)

Axial
load cell
2 (kN)

Concrete
reinforced
internally

150

799

71

451

408

No

20

904

86

442

422

No

150

753

43

294

275

Yes

20

967

59

270

250

Yes

150

631

61

366

360

No

20

755

68

286

280

No

150

480

44

174

173

Yes

20

621

47

193

189

Yes

150

691

49

331

312

Yes

* Internally reinforced concrete with 150 mm steel tubes

Figure 4.7. The view of post-testing MK-IV double shear rig. Note open gap between sheared
joints (Yang et al. 2020)
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Figure 4.8 shows load-displacement graphs of all cables tested for shear, both plain and
indented, with and without internal reinforcements. The graphs include cables pretensioned at
20 kN and 150 kN, respectively. The first peak failure load is attributed to the failure of the
first strand wire of the sheared cable. The follow-up drops in shear load level were caused by
the snapping of subsequent wires in the strand. This is particularly true when testing plain
strand cables. However, in indented cables, the failure load of the strand wires was erratic as
shown in load-displacement profiles of all four tested cables irrespective of the test
environment. In some tests such as in tests 6 and 7 much greater shear loads for subsequently
failed wires are evident. This may be attributed to the location at the wires at the periphery of
the strand and the structural orientation of the wires during the strand lay with respect to the
direction of shearing. These higher failed peak loads are characterized with cone and cup
failures, which demonstrates the wires failed in tension which will be discussed later.
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Figure 4.8. MK-IV DST results
Regarding the shear load versus displacement graph shown in Figure 4.9, it has been proven
by (Aziz et al. 2015a, Aziz et al. 2015c), Li (2016), Rasekh (2017), and Yang (2019) that there
are four stages as follows:
1) Rapid loading stage,
2) Transition stage of elastic-plastic phase,
3) Slow loading stage of plastic stage, and
4) Step-decreased loading stage attributed to sequential individual wire failure.
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Figure 4.9. Typical load versus displacement graph in double shear test adopted from (Yang
2019)
The first stage represents the high initial stiffness of the system. During this stage, the shear
load increases with displacement rapidly until the elastic yield point reached. When the elastic
yield point is reached, the sample moves into the second stage, which is a short transition stage
from elastic to plastic. Then the sample progress to the third stage, which is the plastic stage.
In this stage the elastic limit is reached, and plastic deformation is started with the
displacement increasing slowly with increasing load. In the final stage, the gradual and
sequential drops in shear load at reduced displacement depict the subsequent individual strand
wires ultimate load failure.
Influence of cable bolt pretension
Figure 4.10 demonstrates the effect of cable pretension on the level of shear load and shear
displacement of different cable bolts in different test environments. It is clear that increased
levels of initial cable pretension load contribute to increased cable strand stiffness and lead to
reduced peak shear load at lower failure load displacement. This is analogous to a tight guitar
string, the tighter the string, the less movement it will take for the string to fail. When cable
pretension load increases, there will be less deformation at hinge points or at crushing zones in
the vicinity of sheared joint faces, hence the effective length, defined as the length between
hinge points of the cable bolt, will be reduced. Also, with less shear displacement there will be
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less bending of strand wires, otherwise increased shear displacement leads to strand wire
failure more in tensile than in shear with cone and cup formation as reported by Rasekh (2017)
and Yang et al. (2019).

Figure 4.10. Effects of pretension load on peak shear load and shear displacement for different
cable bolts using MK-IV DST (Yang et al. 2020)
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Influence of concrete strength and internal confinement
As can be seen from Figure 4.8, the behaviour of cable bolts in internally reinforced concrete
is similar to bolts without internally reinforced concretes. However, for the cable bolt installed
in the reinforced concrete using steel pipes, it was observed that the increasing rate of shear
load changed in the plastic stage and this stage could be clearly divided into two parts as it is
shown in Figure 4.11; a slowly increasing part and fast increasing part. When the shear load
turned to the plastic stage, the overall stiffness was a function of the cable bolt and concrete,
where the slow increasing part appeared. And then, with the increment of displacement, the
overall stiffness would be higher due to the influence of the steel pipe. Hence, the fastincreasing part occurred following the slow increasing part and the relationship between shear
strength and shear displacement presented as a multi-linear profile.

Figure 4.11. The influence of internally reinforced concrete in plain SUMO using MK-IV
adopted from (Yang 2019)
The numerical studies conducted by Jalalifar et al. (2006) proved that the range of the plastic
zone in the vicinity of the bolt-rock intersection determined by rock strength and the
distribution of shear and tensile stresses along a bolt was influenced to determine the eventual
deformation and mode of failure. Without effective confinement, internally, externally or
combined, the true shearing of the tendon has been found to be difficult to assess as the host
medium would end up being cracked radially and axially with the failed cable being subjected
to more tensile failure rather than shear, particularly at the hinge points in the vicinity of the
sheared joint planes (Aziz et al. 2018), as shown in Figure 4.12.
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Figure 4.12. Cracked concrete block using MK-III DSB (a) after shearing and zone of
crushing adopted from (Rasekh 2017), (b) Premature radial crack adopted from (Aziz et al.
2018)
Generally, the strength of the concrete type used as host medium and its confinement has an
influence on the shear load and shear displacement of tendons in particular cable bolts. Figure
4.13 clearly shows that internally reinforced concrete blocks will cause the cable to fail at
reduced peak shear load and peak shear displacement. The internal reinforcement tubes
enhance the concrete strength, reducing the size and depth of the crushed zones around each
joint face. This results in less cable bending at the hinge points, contributing to failure of the
strand wires more in shear/ tensile rather than in tensile mode. It should be noted that due to
the internal reinforcement, the peak shear load may vary between tests as shown in Table 4.1.
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Figure 4.13. Effects of internal concrete reinforcement with perforated steel tube on (a) peak
shear load and (b) shear displacements of cable bolt tests (Yang et al. 2020)
Also, Yang (2019) studied the effect of embedding steel tubes in the concrete through
developing numerical modelling simulation using PFC2D. It was found that with the vertical
shearing movement of the middle concrete block and the crushing of the concrete inside the
tube, due to the steel pipe, the failure may not reach the boundary of the concrete cylinder, as
shown in Figure 4.14.
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Figure 4.14. Influence of internal reinforcement of concrete with steel tube using PFC2D
adopted from (Yang 2019)
It was concluded that the internal reinforcement gears down the velocity of fracture
development in the range of the steel pipe and stops the extension of the fracture reaching
outside the steel pipe.
Figure 4.15 shows three exposed tested mediums with different reinforcement collected from
(Aziz et al. 2003, Li 2016, Khaleghparast 2017, Rasekh 2017, Yang 2019, Yang et al. 2020).
Figure 4.15a shows the external confinement in rectangular concrete with an open top showing
the axial crack post-test. Figure 4.15b shows the cylindrical concrete block with external
cracks and external confinement. Figure 4.15c illustrates a combination of internal and
external confinements with no external cracks. The internal confinement of the concrete block
contributes to increased concrete strength and stiffness, which minimises early concrete
deformation around the tendon close to the sheared joint faces, thus reducing the concrete
deformation depth at the hinge points by as much as 50 %, as indicated.
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a) MK-III rectangular shape concrete and externally confined with a rectangular box

b) MK-IV concretes with external confinement only

c) MK-IV internally reinforced concrete with external confinement
Figure 4.15. Changes in deformation/ crushing zones at the hinge point, during shearing in
different concrete mould shapes and reinforcements (Yang et al. 2020)
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Failure modes of cable bolts
Figure 4.16 illustrates the failure modes presented on each wire to gain an understanding
whether the surface geometries of wires induced a certain failure mode. In this regard, it is
possible to investigate the loading state and failure process of the cable bolt. Black is
indicative of un-broken wire during the experiment, the yellow represents cone and cup
failure, meaning the wire was under tension, and red depicts a combination of shear/ tensile
failure of the wire broken in an angled shape cross section. The following results was obtained
based on the observation of each cable bolt sheared on both sides of the sheared joints:
➢ The pure tensile failure has tended to appear in plain cable wires, however, most of
the shear/ tensile failure occurred in indented cable strand.
➢ Each wire breaks at one point only irrespective of the joint surface side, for instance
indented SUMO 2 t, indented SUMO 15 t and plain SUMO 15 t. Two wires failed in
one side and the corresponding wire did not snap on the other side.
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Figure 4.16. Failure mode of plain and indented SUMO with different pretension load using
MK-IV (Yang 2019)
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Influence of cable bolt indentation
Figure 4.17 shows the effect SUMO cable wire surface profile has on the peak shear load and
shear displacement. The results indicate that the peak shear load and shear displacement in
indented cable bolts was generally less than that occurring with plain cable bolts. Similar
finding was also reported from single shear tests by Aziz et al. (Dec 2017) in ACARP project
report C42012 and Aziz et al. (2018).

Figure 4.17. Effect of cable bolt profile/ indentation on peak shear load and shear
displacement (Yang et al. 2020)
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The following points contribute to this effect:
➢ Indented SUMO cables were in general, lower in ultimate tensile strength than the
plain counterpart. It is understood that the indent cable loss of strength may be
attributed to cable wire’s weight loss during the indentation process, which could be
as much as 7 %, as reported in the ACARP project report C42012 by Aziz et al. (Dec
2017).
➢ The indentation process of SUMO wires involves indents pressed into the wire during
manufacturing, then it is heated and stress relieved. The stress relieving process would
take away any internally stored stresses. However, it is possible that the geometry of
the indent corner would produce premature failure (Craig, 2020). Also, it is worth
noting that this loss of weight may not occur in cable strands with wires of rectangular
cross sectional area shape. Megabolt spiral wire strand cable is a typical type made
from square shape wires that does not experience strength loss.
➢ Unlike plain wire failure, where the load decreases gradually after the first wire snaps
in the cable strand, the failure of wires in the indented cable may not necessarily
follow a trend similar to the plain cable with the failure of wires being abnormal and
erratic as stated previously. As can be seen from load-displacement graphs of indented
cables in Figure 4.8, the initial wire snapping in the strand may not be the ultimate
peak failure load of the cable; on the contrary, there is a gradual increase in successive
failure loads following the initial failure of the first strand wire with increased peak
failure loads. This pattern of abnormal behaviour is attributed to the different location
of wires around the perimeter of the cable and in particular all wires located on the top
side of the sheared cable with respect to the direction of shear as shown in Figure
4.18. The excessively bent wires failure in tensile shear or in tension with cone and
cup was also reported by Craig et al. (2010). The higher late peak loads shown with
greater displacement in indented cable are those of wires failing in tension at
increased wire elongation at greater shear displacement. The orientation of the wires
around the periphery of the shear cable with respect to the shear direction as well as
the effect of varied stress concentration due to indentation has some impact on the

184

individual wire’s strength. which was found by strain gauge instrumentation of each
cable wire and as reported by Yang et al. (2019).

Figure 4.18. Load displacement profile of indented SUMO 15 t with internally reinforced steel
tube (Test No 7). Note numbers in brackets are strand wires (Yang et al. 2018)
Test procedure with coloured cable bolt and result analysis
Figure 4.18 shows the load versus displacement graph of cable No. 7, which was specifically
instrumented for the study of variation of individual wire loading, shown in Figure 4.19. The
location of the wires along the periphery of the sheared cable is shown on both sides of the
double sheared cable length with respect to the direction of shearing.

(a) Strand wires in colour painted on cable bolt
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(b) Plan view of cable wires orientation at both left and right joint planes zone
Figure 4.19. Location of strand wires at the shearing zones across joint planes (Yang et al.
2018)
Each wire’s peak shear load is identified from strain gage readings shown in Figure 4.20. The
first wire (R9) in the strand snapped at 25.6 mm of displacement and at a shear load of 338.4
kN. This was followed by the failure of the second wire (R8) at 27 mm displacement at a peak
load of 333 kN. However, the maximum shear load of 443.1 kN of R7 was reached before
failure of the R7 wire that occurred at 38.2 mm displacement. This is followed by inconsistent
load failures of wires occurring mainly in indented wire strands and is contrary to the past test
results from plain cables as reported by (Aziz et al. 2014, Aziz et al. 2015, Aziz et al. 2015a,
Aziz et al. 2016, Mirzaghorbanali et al. 2017, Yang et al. 2019)
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Figure 4.20. Strain gauge strain versus wire elongation displacement (Yang et al. 2018)
During the early stage of the shearing process some cable strand wires, namely Green (R2),
Red (R3), Blue (R4), Dark Red (R5), Orange (R7), were subjected to early negative strain of
shear load-displacements as shown in Figure 4.20, while others Yellow (R1), Black (R6),
Metallic (R8) and White (R9) recorded positive strains right from the start of shearing, This
suggests that wires with positive strain were subjected to tensile/ shear failure and three of
these wires, yellow (1), Green (2) and Red (3) located on the top side (upper side) of the
strand with respect to the direction of shearing failed in tension as shown in Figure 4.19. These
failed wires were characteristically snapped with a cone and cup shape as shown in Figure
4.21 and were subjected to relatively excessive bending, being located of the top side of the
strand with respect to the direction of shearing.
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Figure 4.21. Post-test failure of wires in double shear testing of indented SUMO cable 15 t
pretension in internally reinforced concrete using MK-IV DSB (Yang et al. 2018)
Other wires located below the strand failed typically in tensile shear as indicated in Figure
4.21. However, wires located on the sides of the strand in relation to the direction of shearing
such as White (R9), Peach (R5), and Blue (R4) wires failed in a mixture of tensile and tensile
shear and fail at shear load displacement of > 40 mm. This high snapping load of wires are
characteristics of wires failing in tension, and this is typically 60-70 % greater than wires
failing in shear. Further, it is suggested that localised stresses caused by the process of
indentation may have contributed to the inconsistent and weakening behaviour of the strand
wires as discussed previously.

Large scale inclined double shear assembly
The aim of this part of the study was to develop numerical modelling to determine the model
input parameters using systematic laboratory testing data considering tendon inclination and
confining medium strength. The study should focus on double shear testing of selected cables
at different angles of orientation (inclination). This part of the study is funded by the ACARP
project referenced as C27040.
Accordingly, this section focuses on the experimental study of the angled shear testing of three
selected cable bolts in 40 MPa concrete blocks in the double shear rig. The selected angles for
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shear testing were 0o, 30o, 45o and 60o, respectively. The overall objective of the experimental
testing programme was to provide the essential information for the development of credible
numerical models that will include not only the technical parameters but also the behavioural
outcomes from various tests with respect to the angles of testing and their effect on the nature
of cable failure, be it pure shear, tensile shear, or a combination of shear/ tensile, cable
pretension and the credibility and the effectiveness of the B&W anchorage system. Laboratory
facilities from both USQ and UOW were used in the study.
A new arrangement for the construction of concrete blocks for angled shear tests in
accordance with the design plan, shown in Figure 4.22, was proposed initially to ACARP in
project C57040. This arrangement is similar to the arrangement of testing solid rock bolts
using the double shear methods of testing carried out by Grasselli (2005). MK-IV DSB was
used to examine shear performance of selected cable bolts in the 0o orientation.

Figure 4.22. General view of the initially proposed assembled double shear testing concrete
with the angle of cables installation at 45 degrees orientation to joint faces (Aziz et al. 2020)
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Preparation of inclined double shear assembly
Three water resistant, 15 mm thick marine plywood frame moulds, were constructed for
casting concrete blocks for double shear testing at both 30o and 45o angles of bolt
inclination/orientation as shown in Figure 4.23.

Figure 4.23. Structure of reinforced casting mould for 45 degree cable bolt inclination (Aziz et
al. 2020)
Individual moulds were designed and cut in accordance with their locations in the assembled
set with the lower ends of the tendon appearing either at the side or at the bottom of the center
block based on the bolt inclination as illustrated in Figure 4.24. Each mould was fitted with a
12 mm steel bar cage to provide additional reinforcement to the cast concrete block. The top
outer edges of the side blocks were chamfered to provide a smooth surface area for mounting
the bolt collar plates bearing the load cell held in place with a B&W assembly for subsequent
tensioning, using a cable bolt tensioner Blue-Heeler ram. A 20 mm vertical hole was drilled on
top of each side block, close to the chamfered ends, to access the inclined cast hole for grout
injection and cable encapsulation, as shown in Figure 4.24. Side planks were also holed in the
lower sides of the mould for the installation of bolts across outer and center blocks. Once
ready, the three blocks were butted and secured together using externally, three sets of long
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rock bolts and 9 mm thick open steel channels as illustrated in Figure 4.22. Finally, a threaded
steel bolt was fixed on top of each mould with its longer side being bent to allow for the firm
casting in concrete to allow for the lifting and manoeuvring of the concrete block, as well as
being used for holding three blocks together in a rigid position during cable tensioning and
inter-laboratory transportation between Wollongong and Toowoomba.

Figure 4.24. (a) schematic drawing of two sets of blocks for 30 and 45 degrees fitted with two
cable bolts. The location of the bottom B&W anchors is dictated by the angle of printed/ cast
holes. (b) 3D view of the assembled blocks at 45o bolt angle (Aziz et al. 2020)
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To cast angled holes in concrete blocks, two steel conduits of appropriate diameter, were
wrapped with an 8 mm PVC tube and inserted diagonally in the mould holes as illustrated in
Figure 4.24. Two cables were mounted in each set of the cast moulds at different lateral
locations so that the space between them was maintained constant at 100 mm apart, thus
leaving the cable anchored at 150 mm from the concrete sides. The location of the cast holes
in the concrete blocks varied depending on the bolt inclination/orientation with respect to the
sheared joint faces. Depending on the inclination of the hole, the lower end of the installed
cable, with its B&W, would protrude from beneath the central concrete block, in the case
where the hole inclination was 45 degree. For 30 degree encapsulated inclination, the cable
end with its B&W will end up housed on the side socket of the centre block as shown in
Figure 4.24. A 3D printer was used to print plastic cups for the purpose of creating side socket
holes in the cast.
Concrete pouring
The 40 MPa readily prepared concrete mix consisting of cement, sand, aggregate and water,
supplied by a local concrete supplier, “Baines Ready Mix” of Woonona, NSW 2517, located
some 500 m from the University of Wollongong’s research laboratory in Russell Vale and
about 10 km North of the UOW main Campus (Figure 4.25a). The strength of the concrete
was checked via an in-house sample collection from the poured concrete and tested for
strength to maintain consistency of the product quality as shown in Figure 4.25b. Prior to the
concrete pour, the internal surface of the moulds was smeared with petroleum jelly to allow
easy removal of the dismantled planks. The poured concrete was properly vibrated with a hand
vibrator followed by trowelling for surface smoothness. The cast concrete blocks were left
covered with moist cloths to harden for a minimum of 28 days before testing.
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Figure 4.25. (a) Casting concrete blocks in moulds, vibrated, and trawled for smooth surface
blocks (Aziz et al. 2020)
Assembling and grouting
To assemble the concrete blocks, the following steps were taken:
➢ Mounting of self-adhesive packers at the mouth of the side holes between the joint
planes Figure 4.25c to minimise or eliminate grout leakages from the concrete blocks.
➢ Mounting two frictionless 100 mm wide teflon strips vertically on the joints contact
face in the double shear assembly to reduce the effect of friction during the shearing
process as shown in Figure 4.25c.
➢ Drilling small 20 mm diameter holes close to the chamfered side of the side blocks
and close to the mouth of the hole for grout pouring to encapsulate the cable in the
hole as shown in Figure 4.26.
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Figure 4.26. Grouting hole drilled near the mouth of the cable encapsulation hole for testing of
Plain SUMO cables (Aziz et al. 2020)
➢ Mounting three concrete blocks on wooden blocks and butting them together. These
blocks were then held together and laterally reinforced by three sets of LTS. Each set
of the reinforcement truss system consisted of a 9 mm thick, 100 mm x 60 mm
rectangular steel tubes butted on either side to 10 mm thick 90 mm x 150 mm open
steel channels. The real aim of the LTS was to counteract the forces generated by
cables being pretensioning and the subsequent double shear loading of the central
block. This applied counter force that would resist the applied pretension forces in
squeezing the central block thus minimising the influence of contact friction between
joint faces.
➢ Also, the LTS shown in Figure 4.27 was (1) to prevent individual blocks from twisting
laterally, and (2) to prevent the central block from lifting upwards. The later point (2)
proved difficult to prevent at high pretension loads; however, the central block uplift
during pretensioning up to 50 kN was possible with the addition of a 10 mm thick and
150 mm wide open steel channel (green) placed over the three blocks during the
pretensioning and grouting stage, shown in Figure 4.27a. Only one set of steel channel

194

lateral confinement frames (blue frames) was fabricated for one double shear
assembly. For the additionally constructed blocks, reinforcement was temporarily
provided using a rock bolt truss assembly shown in Figure 4.27c.
➢ Inserting the bolt in each hole to be fitted on the lower side with a small load bearing
plate, then secured by a B&W. The cable was held firmly from the cable top-end to
hold the B&W in place at the lower end. This protruding topside cable end was then
fitted with a steel plate and a 75 t capacity load cell to be followed with a B&W. The
whole system was then gently pretensioned. The same procedure was used in the
installation of the second cable on the opposite side of the three blocks. During
shearing each cable was then pretensioned separately using two identical Blue Heeler
tensioners simultaneously to avoid blocks twisting.

Figure 4.27. (a) Schematic drawing of inclined double shear assembly, (b) test ready
assembled system, and (c) assembled block temporarily held with rock bolt and open steel
cannels ready for shipment to Toowoomba (Aziz et al. 2020)
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➢ With the exception of the first test carried out at Wollongong at a 45 degree angle
orientation, all other assembled sets, when prepared for testing and fitted with LTS
(blue coloured), had the outer concrete blocks bolted with two 150 mm long and 15
mm diameter, bolts to 9 mm x 150 mm open channel braces of the top truss system, to
maintain stability during shearing so that these blocks would not be forced to impose
additional lateral force on the centre block as shown in Figure 4.27a.
➢ Injecting grout (Stratabinder HS grout) from the top short holes to grout cable bolts
down into each instrumented cable bolt hole. Any leakage from the packers was
checked and the cable tightening level was maintained for the duration of the grout
hardening.
➢ Once the gout was set in each hole and after a period of four weeks, the outer
temporary LTS assembled from rock bolts and open channels (Figure 4.27c) was
replaced with a much stronger LTS as shown in Figure 4.27a and b. The use of the
rock bolting confinement with open channel steel side frames was due to the fact that
the combination of three open channel and box frames were made for one set of
double shear tests. These frames were used repeatedly in other tests.
➢ Minova Australia Stratabinder HS grout was used in this programme, maintaining
consistency with past tests undertaken with past ACARP projects C2010, C2018,
C24012.
Procedure for preparing 15.2 mm Jennmar double shear sample using MK-IV DST is
comprehensively described in section 4.2.

Double shear testing of 15.2 mm Jennmar cable bolt
6 series of tests was undertaken on 7 wire 15.2 mm Jennmar cable bolt installed at varying
angles including zero-degree, 30˚, and 45˚. The results are shown in Table 4.2. Two types of
double shear rigs were used, namely the MK-IV shear box, and inclined double shear box.
MK-IV DSB was used to investigate the shear performance of 15.2 mm Jennmar cable bolts at
zero-degree of orientation, whilst the large scale inclined double shear box was used to
examine the shear behaviour of the cable at 30 and 45 degrees of inclination.
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Table 4.2. Summary of shear test results of 15.2 mm Jennmar cable bolt (Aziz et al. 2020)

Test no.

Angle of
installation (˚)

Axial pretension
load (kN)

Peak shear
load (kN)

Shear
displacement (mm)

1
2
3
4
5
6

0
30
45
45
45
45

50
50
50
0
50
40

314
508
572
581
501
485

53
27
21
39
27
24

Zero degree of orientation using MK-IV DSB
Table 4.3 demonstrates the mechanical properties of the 7 wire 15.2 mm cable bolt (Jennmar
Catalogue). Figure 4.28 shows the load-displacement profile of the tested 15.2 mm Jennmar
cable bolt, together with the axial load generated during the shearing process. The shear load
was measured as 314 kN (157 kN per sheared side), shown in Table 4.1. The axial load at
peak load was 112.8 kN, and the shear displacement at peak shear load was obtained as 53
mm. Table 2 lists the details of the test at the zero-degree orientation.

Table 4.3 15.2 mm Jennmar cable bolt mechanical properties adopted from (Jennmar 2020)

Cable type

Typical strand
Yield Strength
(kN)

Typical strand
Breaking Load
(kN)

Typical elongation
at failure (%)

Drill hole (mm)

Single strand

245
(25 tonne)

265
(27 tonne)

5

45-50
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Figure 4.28. Load versus displacement relationship of the tested 15.2 mm Jennmar cable bolt,
together with the axial load generated during the shearing process. Tests were made in MK-IV
DSB (Aziz et al. 2020)
30-degree of orientation
Figure 4.29 shows the schematic drawing of the cable installation at a 30 degree angle of
installation in double shear blocks, which is further elaborated as shown earlier in Figure 4.24.
The 30 degree orientation arrangement is different from 45-degree, where B&W anchors do
not reach the bottom of the central block.
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Figure 4.29. Installation of a cable in two blocks of the three-block assembly. Only one side is
shown (Aziz et al. 2020)
Table 4.2 lists details of double shear testing of the 7 wire 15.2 mm cable bolts at a 30 degree
angle and Figure 4.30a shows load-displacement of the 15.2 mm cable at 30 degree inclination
together with the cable initial pretension load of 50 kN. The peak shear load at cable failure of
508 kN occurred at a shear displacement of 27 mm. During the early stage of the system
loading, the compression machine malfunctioned for the first few minutes. The fluctuation in
load-displacement during this early stage of shearing was then stabilized and the testing
continued uninterrupted until reaching the cable peak load of 508 kN. The monitored axial
loads on both cable ends were of equal value in comparison to the different values obtained
from Figure 4.32, which was due to damage of the central block as explained above. Figure
4.30b shows the view of the pattern of cable strand wire failures.
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Figure 4.30. (a) Load-displacement graph of testing 15.2 mm Jennmar Cable bolt at 30 degree.
(b) Pattern of strand wires failure (Aziz et al. 2020)
45-degree of orientation
Figure 4.31 shows the assembled 40 MPa concrete blocks for the first test of 25 t capacity 15.2
mm diameter seven wire cable bolts installed at an angle of 45 degree. Both cables were
grouted with Minova Stratabinder HS grout and pretensioned at 50 kN. The central block was
free to be sheared down between the side blocks resting on H frames, the lower level for the
initial cable pretension load was necessary because the pretensioned force of the cable bolts
was not in line with the counteracting load generated by the lateral truss force thus pulling the
central block upwards slightly and causing it to shift. The LTS consisted of three unit sets of 9
mm thick closed box rectangular steel channels, shown in Figure 4.27a (Blue color side
straps), bolted on each end to 9 mm thick and 150 mm wide open steel channels. It should be
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stated that in this first test the side concrete blocks were not bolted to LTS as stated previously
in section 4.5.2.
Once pretensioned, the double shear block set up assembly, weighing around 1.4 t, was then
moved and mounted on the compression machine loading plates with its outer concrete blocks
resting on H-shaped steel channels, leaving the middle block free to be sheared down. During
the initial phase of the first load application onto the central block, the 300 mm2, 25 mm thick
load steel bearing plate placed beneath the ram over the central concrete block caused a slight
crushing of its top surface (Figure 4.31a). This was soon overcome by pouring a layer of
plaster of paris gypsum solution over the crushed surface, troweled smooth, followed by
placing a 30 mm thick steel plate large enough to cover the whole surface area of the middle
concrete (Figure 4.31b), thus allowing the applied load to be distributed evenly on the top side
of the center block. Information retrieved during the loading process from the vertical ram as
well as from load cells on the angled bolts were processed and displayed on a PC. The loading
rate was maintained at 1 mm/ minute.

Figure 4.31. 15.2 mm Jennmar cable bolts encapsulated at 45 degree angle being ready for
shear testing (Aziz et al. 2020)

201

Figure 4.32 illustrates the load-displacement graphs of the applied load and axial forces
generated for both bolts. The load displacement shown exclude the shear displacement during
the early stage of loading of the blocks and centre block initial damage. The total shear load of
572 kN is for both cable failures, hence the load per cable failure would be 286 kN, which is
higher than the tensile failure load of the cable. The axial load variation may have been caused
by the initial crushing of the centre block to surface. Also, the increased overall shear load
spent in overcoming friction between joint faces because of the fact that the outer concrete
blocks were not restrained from lateral or sideways movement during shearing as they were
not bolted to the side open channel steel plates of the LTS. This may have caused the concrete
joint faces to come into forced contact with each other during the shearing process.

Figure 4.32. Load-displacement graph of 15.2 mm Jennmar cable tested at 45 degree
inclination (Aziz et al. 2020)
Test 4 was prepared, grouted, pretensioned and shipped by road to the laboratory of the
Institute for Advanced Engineering and Space Sciences, Toowoomba, University of Southern
Queensland (USQ) for testing using a 200 t capacity compression loading frame machine. The
repeat testing of 15.2 mm diameter 25 t cable was intended for comparison purposes.
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Figure 4.33 shows the load-displacement graph of the 15.2 mm Jennmar cable bolt tested
using the 200 t compression loading machine. The rate of loading was 25 mm/min, which was
significantly higher than that achieved with the UOW laboratory compression loading press.
Points 0 and 1 on the graph are peak load forces spent on separating the cemented concrete
blocks on one side caused by leaked grout from one side seal packer during the grouting stage.
Point 2 is the peak failure of the first strand wire, which was then followed by the failure of
other wires. The peak failure load (the ultimate snapping load) of the first wire (point 2) was in
the order of 581 kN force which occurred at a vertical shear displacement of 39 mm.

Figure 4.33. load-displacement graph of 15.2 mm Jennmar cable bolt subjected to shearing
with cable encapsulation angle of 45 degree (Aziz et al. 2020)
Two more shear tests (test 5 and 6) were carried out at the University of Wollongong
following the completion of tests in Toowoomba. These two tests were made on 15.2 mm
cables at 45 degree inclination using, once again, the 60 t capacity compression loading frame
at the UOW. The rate of loading was typically kept constant at 1 mm/ min. These latter two
tests were necessary to verify the previous test results. The shear test results undertaken in
Toowoomba was found to have been affected by; a) excessive grout leakage during grouting
stage of cables in Wollongong and b) excessive vibration of the assembled blocks during the
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long road transportation from Wollongong to Toowoomba. Figure 4.34 shows the results of
the additional two tests known as tests 5 and 6. In T5 the cable was pretensioned to 50 kN and
in T6 the pretension load was maintained at 40 kN. Excessive axial pretensioning of the cables
was found to cause the central block to displace upwards as was the case in previous tests.

Figure 4.34. Load-displacement graphs of T5 and T6 on 15.2 mm Jennmar cable bolts
subjected to shearing with cable encapsulation angle of 45 degree tested at UOW (Aziz et al.
2020)
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Discussion
Figure 4.35 shows the load-displacement graphs of all 15.2 mm cable bolts tested at angles 0o,
30o and 45o. The effect of the cable’s inclination and load transfer mechanisms in all six tests
are clearly evident. Only one test out of the six 15.2 mm cable type tested (four at 45o, one at
30o and one at 0o) was carried out at the USQ Toowoomba laboratory, others were carried out
at the UOW laboratory. Test results revealed that the higher the bolt angle of
inclination/orientation to the sheared joint plane the greater the ultimate failure load of the
cable bolt. In other words, the ultimate breaking load of the cable bolt increases with the
increase in the angle of inclination/ orientation. This was expected, as the greater the angle of
inclination with respect to the direction of shearing force, the less likely all cable wires fail in
shear, as the applied shearing force tends to pull the cable wires more axially rather than in
shear. With the exception of the second test in which the top of the middle concrete block
damaged slightly, none of the blocks were found to end up cracked or split. In many cases
both cables snapped fully with excessive vertical movement of the central block as shown in
Figure 4.36, Once the cable was snapped the loading process was terminated. It should be
stated that during the double shear testing of a cable, where the tested cable orientation was
perpendicular to the applied shear load or the tested cable axis was laid horizontally (zerodegree orientation), the failure load per side was 157.0 kN (15.7 t).

Figure 4.35. Load-displacement of profiles of testing 15.2 mm Jennmar cable bolts at
inclination of zero, 30, and 45 degree (Aziz et al. 2020)
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The shear failure load per cable in the first test at 45-degree inclination was in the order of 286
kN (total load for both sides 572 kN). This level of spent force was greater than the tensile
failure load of the cable of 250 kN (25 t). This increase in loading force is likely to be
attributed to; (a) the inefficiency of the two 100 mm wide single sheet Teflon strips instead of
double sheets, sandwiched between joint faces, (b) that the lateral truss reaction force was not
in line with the applied encapsulated cables force axis against the vertical shearing of the
centre block, and (c) the additional force needed to overcome the butted joints face friction.
However, this additional lateral friction force between the concrete sides may not reach fully
the estimated 30 % of the applied shear force, based on the Mohr-Coulomb Fourier series
mathematical model as report by Aziz et al. (2015b) and by dynamic testing reported in
Chapter 6, but will be of a significant amount proportional to the size of the Teflon strips. This
aspect of shear friction variation is currently being investigated. It is worth noting that similar
tests were reported in Stillborg (1993) where shear testing of 15.2 mm cable bolts at 45 degree
inclination in single shear test and without sheared joint faces coming in contact with each
other were undertake. The average shear value reported by Stillborg (1993) was 206 kN (20.6
t). The sheared cable was encapsulated in 600 mm3 granite rock (UCS of 234 MPa) embedded
in a 60 MPa concrete (Stillborg 1993).
The failure pattern of various failed wires in the 15.2 mm cable testing was mostly in
tensile/shear as shown in Figure 4.38. At 45 degree of shear testing in Toowoomba all wires
were snapped from both cables. All wire failures in both cable strands are clearly from the
result of the excessive level of centre block downward travel during the shearing process, as
shown in Figure 4.36.
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Figure 4.36. Centre block shear displacement in which both cable have failed symmetrically
(Aziz et al. 2020)
Figure 4.37 shows the relaxed view of the snapped wires on each cable from both sides of the
centre block and the traces of leaked grout that smeared the sheared joint faces. The pattern of
observed broken wires was typically in tensile shear as shown in Figure 4.38.

Figure 4.37. Relaxed single wire straddling between two blocks in testing 45o inclination
(Aziz et al. 2020)
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Figure 4.38. Various snapped view of 15.2 mm cables tested for shear at 45o inclination (Aziz
et al. 2020)
Comparing all six test results at different orientations, shown in Figure 4.35, the following was
inferred:
➢ The shear displacement, at peak shear load failure, increases with reduced angle of
orientation.
➢ In shear testing of the cable at zero angle of orientation, shearing was carried out on a
single cable, not two as would be the case with angled shearing. The shear load
displacement is higher because of the nature of double shear testing with short side
concrete blocks, and the fact that the cable will undergo elongation at each hinge point
in the vicinity of both joint planes. Recent research by Aziz et al. (2019) has found
that the level of displacement is less with internally reinforced concrete medium and
with fully secured ends.
➢ The blue load-displacement graph shown in Figure 4.35 of the 15.2 mm diameter
cable bolts tested at USQ at 45 degree orientation indicated that the first of the two
peak loads was due to the forces required to separate cemented joint faces from each
other, caused by the leaked grout from the seal packers sandwiched between the sides
of three blocks during the cable grouting process as shown in Figure 4.37 in which the
leaked grout smeared across joint faces. The third peak shear load is attributed to the
snapping of the cable at 571.6 kN.
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➢ The brown graph is the first test carried out at the UOW at 45 degree ordination. It has
a peak failure load of 572 kN, which is almost identical to that obtained and shown in
the blue graph. This near equal shear failure load demonstrates the consistency of the
cable shear value at 45-degree.
➢ The purple graph is shear values at 30 degree cable orientation carried out at the
UOW,
➢ The orange graph is obtained from the standard double shear testing using the
NADSB with the direction of shearing perpendicular to the cable axis zero-degree as
shown in Figure 4.1.
➢ The red and green graphs are additional graphs at 45 degree tested lastly at the UOW.
➢ In general, the increased angle of orientation at 30 and 45 degree caused cable bolts to
fail in tensile shear as shown in Figure 4.38 which is evident from the snapped failed
cable strand wires.
➢ The peak shear load failure of most 15.2 mm tested cable wires at 45 degree angle of
inclination occurred on tensile failure. This demonstrated the consistency and
reliability of the test results which add to the credibility of the experimental study
undertaken.

Summary
Pretensioning of the cable bolts plays an important role in the cable behaviour under shear.
Increased levels of initial cable pretension load contribute to increased cable strand stiffness
and leads to reduced peak shear load at lower failure load and displacement.
Indented SUMO cables were in general lower in ultimate tensile strength than the plain
counterpart. It is understood that the indent cable loss of strength may be attributed to cable
wires weight loss during the indentation process.
The strength of the concrete type used as the host medium and its confinement has an
influence on the shear load and shear displacement of tendons in particular cable bolts. Three
methods can be used to increase the medium/ strength:
1) External confinement of the concrete with steel clamps,
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2) Internal reinforcing of the composite medium by placing moulding steel tubes in the
concrete, and
3) A combination of (1) and (2) techniques.
Without effective confinement, internally, externally or combined, the true shearing of the
tendon has been found to be difficult to assess as the host medium would end up being cracked
radially and axially with the failed cable being subjected to more of tensile failure rather than
shear, particularly at the hinge points in the vicinity of sheared joint planes.
The cylindrically shaped moulds can effectively confined concrete internally, thus reducing
the formation of wider axial cracks that would influence test conditions. The internally
reinforced concrete medium allows shear testing of cable in stronger strength confinement.
The internal reinforcement reduces the velocity of fracture development in the steel pipe and
stops the extension of fracture reaching the outside the embedded steel pipe wall as shown in
Figure 4.14.
The failure of strand wires is directional with respect to their location in the periphery of the
strand and its orientation to the direction of shearing. Wires on the top side of the bending
cable strand at the hinge point fail in tension with snapped wires failing with a cone and cup
shape.
Angle shear testing of cable bolts with laterally reinforced truss systems has been studied
using 7 wire 15.2 mm Jennmar cable bolt with 25 t capacity in this programme of study.
Shear testing of 15.2 mm cables at a 45 degree orientation to the joint surface was significantly
more effective in creating higher shear resistance than at 30 degree and 90 degree. This is in
agreement with the work reported by Stillborg (1993).
Shear displacement at peak shear load failure increases with reduced angle of orientation and
the direction of shearing.
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In general, the increased angle of orientation at 30 degree and 45 degree caused cable bolts to
fail in tensile shear as shown in Figure 4.38, which is evident from the snapped failed cable
strand wires with cone and cup surface profiles.
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Experimental study on dynamic double shear test
Introduction
With the increasing demand for mineral resources and a continuous consumption of shallow
resources, a large number of mines are gradually moving to deep mining. This has led to
increasing the risk of rockburst problems significantly in underground mining worldwide.
Therefore, there is a need for installing dynamic seismic-resistant ground support systems as a
first defense mechanism in deep underground mines to decrease or mitigate the potential
consequences of seismic activities. In this chapter, the dynamic response of conventional 18
mm Jennmar ribbed rock bolt was assessed using a drop hammer rig to generate high-intensity
dynamic load. For this purpose, rectangular MK-I the first generation of Double Shear Box
(DSB) was utilized in which the effect of friction between the joint faces was active, as shown
in Figure 5.1. However, for the dynamic test to be undertaken, firstly the static test was
required to gain effective information such as energy absorption of the system as well as
comparing the characteristics of tendon behaviour under both static and dynamic testing
environments. For the dynamic loading condition, the drop hammer rig was selected to
generate energy to be applied to rock bolts.

Figure 5.1. MK-I DSB
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Experiment program
Concrete specimen preparation
The Mk-I concrete blocks, consisting of two 150 mm3 outer blocks and one 300 mm x 150 x
150 mm3 central rectangular block, were cast in Marine plywood moulds, which was divided
into three rectangular-cubical blocks by two metal plates.
The poured concrete was further reinforced with four steel pipes, 100 mm in diameter and
with a wall thickness of 5 mm. These were placed near the shearing face lengthways to create
internal confinement at the shearing zone, as it shown in Figure 5.2. For the first two tests,
only 100 mm tubes in length were placed at the shearing faces. However, the length of the
pipes for the rest of the tests were increased to 150 mm for the outer blocks and 300 mm for
the middle block, illustrated in Figure 5.4a. Also, to create a better cohesion between concrete
and the steel pipes 3 or 4 holes were cut on the surface of the pipes. Two types of conduits
were used to create holes for tendon insertion axially in each box and grouted; plastic and steel
pipe conduits, as shown in Figure 5.2. Two sizes of holes were created for shear testing, a 24
mm, and 46 mm holes. A 24 mm PVC conduit covered with 3 mm electrical wire wrapped
around it was placed in the small moulds to created holes up to 24 mm in diameter for the
desired bolt installation and encapsulation and for the larger borehole, a 35 mm solid steel rod
with 6 mm diameter PVC wrapped around it was used to create a 46 mm borehole. A 24 mm
Plastic conduit covered with 3 mm electrical wire placed through the middle of each wooden
mould lengthways to create a rifled effect in the borehole with the diameter of 27 mm for bolt
anchorage.
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Figure 5.2. MK-I moulds preparation
Once mixed, the cement mortar, consisting of sand, cement, aggregate, and water, was poured
into each section of the moulds. All moulds were thoroughly smeared with petroleum jelly
neutral grease for ease of concrete, steel and PVC pipe release. Once poured concrete was
thoroughly vibrated using a hand vibrator and troweled to level and smooth the concrete.
Figure 5.3 shows the general views of concrete cast in MK-I DSB.

Figure 5.3. General view of casting concrete for MK-I DSB
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Three small plastic conduits 20 mm in diameter were inserted perpendicularly to reach the
middle laterally placed conduit in the blocks as shown Figure 5.3. Once the concrete was semi
hardened, the laterally laid conduit was removed from the center of the blocks and the co-axial
wire or tube was pulled out, leaving the hole wall with the image of the wrapped groove
surface as shown Figure 5.4. Also, removed are the vertical plastic conduits. The concrete was
left to set for 24 hours and then removed and placed in a water bath for 30 days to cure. The
concrete strength for this study was confirmed from UCS tests on 200 mm and 100 mm
diameter concrete cylinders prepared during the concrete pour and measured as 40 MPa. Two
types of rock bolts were examined in this study including the 16 mm smooth surface DSI and
the 18 mm ribbed Jennmar rock bolts.

Figure 5.4. (a) Co-axis wire wrapped on 24 mm Plastic tube; (b) Metal conduit with 6 mm
PVC tube around for printing images of the horizontal encapsulation hole
Rock bolt installation
A 1400 mm long rock bolt with a 100 mm long thread on both ends was encapsulated into the
concrete blocks using Minova Stratabinder HS cementitious grout with a water:cement ratio of
0.4. Prior to grouting, the bolt was inserted into the blocks and then held in the hole and
aligned using two steel plates both sides of the mould, the concrete blocks were clamped to the
work bench in order to stop the blocks from moving. Then load cells were installed at both
protruding ends of the tendon, followed with flat plates and nuts, as shown in Figure 5.5.
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Pretension load was applied manually on each bolt end through tightening simultaneously the
nuts on both of the bolt ends with a torque wrench. Load was monitored using 750 kN load
cells attached to data-taker series 3 of DT85 (www.datataker.com). Once the pretension load
was reached, the sample was left pretensioned for up to 10 minutes allowing for the relaxation
and stabilization of the pretension load and then filled with grout. Grout was poured through
the vertical holes on the top of the blocks and the blocks were gently tapped with a suitable
rod during pouring in order to reduce voids and fill the space between the bolt and the sides of
the hole. The specimen was then left for seven days to cure and be ready for the test.

Figure 5.5. General view of rock bolt installation in concrete blocks
Static MK-I double shear testing
Figure 5.6a shows the assembled MK-I DSB with load cells mounted on the protruding ends
of the tendon. Figure 5.6b depicts the assembled MK-I DSB placed in the Instron Universal
Testing Machine, capacity 500 kN to test the assembled MK-I DSB. Two steel blocks with a
thickness of 55 mm were placed beneath the outer entity of the concrete blocks in each side to
allow for the central block to travel 110 mm vertically when the shearing load is applied. The
outer entity of the shear box was then clamped tightly together with the base platform to avoid
rotation of the blocks during shear loading. Two steel plates with a thickness of 100 mm each
were then placed on top surface of the middle block to make sure there is enough distance for
rock bolt failure in the test. The applied displacement load on the central block was set at the
rate of 1 mm/min and was controlled during the test process. Moreover, the vertical movement
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of the central block was limited to 100 mm for each test. The shear load and shear
displacement were obtained by the data logger hooked up to the computer connected to the
Instron Universal Testing Machine. Also, the axial load was monitored from the load cells
mounted axially on the tested bolt sides. This information was collected and monitored during
loading throughout the test and recoded in the PC and displayed on the computer screen. The
shearing load, displacement and axial load was monitored during loading throughout the test,
and it was possible to be visually seen on the computer screen.

Figure 5.6. (a) Assembled MK-I DSB fitted with load cells on both ends of the bolt; (b) MK-I
set up in Instron Universal Testing Machine

Static test results and analysis
Table 5.1 lists details of the 16 mm smooth DSI rock bolts tested in the MK-I double shear
apparatus. The purpose of this study was to examine the effect of internal confinement as
previously reported by (Aziz and Guanyu, 2019) that the lack of internal confinement may
cause adverse effect on the test results. As previously mentioned, a 5 mm thick wall and 100
mm in diameter steel tube was embedded axially in mould for concrete and surrounding bore
hole for internal reinforcement.
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Table 5.1. Static test results for 16 mm smooth DSI rock bolt in MK-I DST
PreTest UTS
tension
no. (kN)
(kN)

Borehole
ϕ (mm)

1
105
30
25
2
105
50
25
3
105
30
25
4
105
50
25
5*
105
30
25
6*
105
50
25
*Final design for the pipe

Concrete
strength
(MPa)

Internal
Confinement

Shear
load
(kN)

Displacement
at peak shear
load (mm)

Axial
load
(kN)

40
40
40
40
40
40

NO
NO
YES
YES
YES
YES

340
322
300
324
347
332

64
56
48
39
49
46

81.8
77.3
71.5
70.1
76.2
72.3

Figure 5.7 and Figure 5.8 show load-displacement graphs of the 16 mm smooth rock bolt
tested in 40 MPa concrete blocks, under different pre-tension loads of 30 and 50 kN, with and
without internal confinement using steel pipes, measuring a 5 mm in wall thickness and 100
mm in diameter, as listed in Table 5.1. The first two tests were undertaken without internal
confinement to have an insight as to how the 16 mm smooth DSI rock bolt would respond in a
double shear test. The other four sets of tests were carried out with internal confinement, but
with different designs as pictured in Figure 5.2 and Figure 5.4a. The purpose of the different
steel tube designs was to investigate the influence of internal reinforcement on crack
propagations.

Figure 5.7. Static test results for 16 mm smooth DSI rock bolt in MK-I
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Figure 5.8. Static double shear test results of 16 mm Smooth rock bolt with 3 and 5 t
pretension load
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Internal confinement in the middle section for the 3rd and 4th test was 100 mm long and placed
at the joint faces, whilst the steel pipes for test 5 and 6 were designed to be 300 mm long and
covered the whole length of the middle section. The results confirmed the latter design since
no crack was detected on the middle section, as shown in Figure 5.9. Meaning, the medium
remained untouched during the test crack-wise.

Figure 5.9. Post-test view of middle concrete with (a) 100 mm internal pipe and (b) 300 mm
internal pipe.
As shown in Figure 5.8, each graph comprises two stages before bolt failure. The pre-yield
point with a high stiffness stage indicating the increased resistance to shear load and post yield
point load-displacement stage with an increased rate of dowel action of the bolt.
The following can be observed from the results:
➢ Internal confinement in concrete has influenced the shear load level but not the trend
as shown in Figure 5.8.
➢ In the high stiffness stage, the joint shear stiffness was affected by pretension (Li et al.
2016). The higher the bolt pretension, the larger the joint shear stiffness.
➢ The amount of stretching in the bolt reduced through confining the bolt in shear joints.
This can be proven by comparing the shear displacement for each test. Almost 25 %
reduction in shear displacement as demonstrated in Figure 5.7.
➢ The axial load for tests 5 and 6 dropped 6.5 % in comparison with tests 1 and 2,
meaning the rock bolt was less under tension when shear joints were internally
confined. However, this effect was more noticeable in tests 3 and 4 as the axial load
dropped between 12.5 and 9.5 %, respectively.
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➢ The hinge point distance from the shear joints decreased, having internal confinement.
The crushing zone reduced by approximately 25-30 %, as shown in Figure 5.10.

Figure 5.10. Crushing zone in internally and not internally confined joints
1) Axial and radial cracking on the shear zone completely minimized.
2) The effect of cone and cup as a result of tension failure was completely eliminated, as
the bolt was effectively sheared.
As mentioned above, insufficient concrete confinement would cause radial as well as axial
cracking of the concrete blocks depicted in Figure 5.11, especially in the early stages of
shearing in the crushing zone, which would ultimately cause the shear displacement to
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increase, meaning the middle box would travel more in a vertical direction and end up causing
more deformation of the bolt. In fact, this excessive deformation causes the tendon failure in
tension rather than in shear. Therefore, the need for confining the concrete internally is
justified and it was found to be positively effective since both axial and radial cracking were
prevented, as shown in Figure 5.12.

Figure 5.11. Post- test internally unconfined concrete

Figure 5.12. Post-test internally confined concrete
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Furthermore, the effect of cone and cup was eliminated when there was internal confinement.
This means the rock bolt was sheared rather being pulled down in tension during the test. The
shear surface can clearly be seen in Figure 5.13.

Figure 5.13. Sheared surface of 16 mm smooth DSI rock bolt in a (A) internally confined
concrete and (B) internally unconfined concrete

Dynamic MK-I double shear testing
Drop hammer testing rig
A drop hammer rig was employed to examine the dynamic shear behaviour of rock bolts,
installed in concrete blocks of the MK-I double shear apparatus. The drop hammer rig used in
this study was located in the Hi-Bay laboratory at the School of Civil, Mining and
Environmental Engineering (CME), Faculty of Engineering, University of Wollongong. The
core of the test rig is the free-falling hammer that can be dropped from a maximum height of 4
m, which is equivalent to a drop velocity up to 8.85 m/s. The hammer weight is 592 kg (5.81
kN), attached to a chain and slides between two guided columns with rollers. This type of
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guiding arrangement provides very low friction during the hammer’s free fall. The steel drop
mass can be hoisted mechanically to a required drop height and released by an electronic
quick release system. The impact test rig fits a test specimen with a working area of 1800 x
5000 mm2. The assembled rig is fitted with secure gates that prevents access inside the setup
when testing is in progress. With the commencement of the test, an alarm system starts
beeping to warn bystanders in regard to the test being in progress.
The only variable in this test is the drop height, therefore, available theoretical potential
energy in this experiment is calculated as 23 kJ without considering any frictional loss during
the weight drop. A Memrecam HX-7s high speed camera with a maximum resolution of 2560
x 1920 and a maximum frame rate of 200000 frame per second (f/s) was used in this
experimentation and was set at 2000 f/s with an exposure time of 1/2000 s to monitor
displacement as well as the mechanism of failure.
For each drop test, the measurements recorded include the impact load, the accelerations, the
axial load created in dowels, and displacement of the sample. The impact load was measured
through the dynamic load cell attached to the tup/impactor, acceleration was captured by using
an accelerometer, and axial loads were measured by the load cells mounted on the tested bolt
ends. The displacement on the other hand was measured by placing a laser displacement
sensor unit underneath the sample.
The dynamic load cell used to measure the impact load was an “Interface Model 1200” model.
The specification of the dynamic load cell can be found in the interface website (Interface
Force ). The impact load is the contact force between the tup/impactor and the test specimen.
The calibration curve was developed by using the universal testing machine in the Hi-Bay
laboratory at the University of Wollongong as shown in Figure 5.14. The calibration
information was explained in details by Kaewunruen (2007). The maximum capacity of the
dynamic load cell is in the order of 1200 kN.
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Figure 5.14. Calibration curve for the 1200 kN standard high capacity load cell adopted from
(Kaewunruen 2007)
The piezoelectric accelerometers used in the experiments were Dytran Series 3200B quarts
shock accelerometers, which are designed to measure the mechanical shock events with an
amplitude of up to 10,000g (where g is the Earth’s gravitational acceleration or about 9.81
m/s2). This series of accelerometers are the Low Impedance Voltage Mode (LIMV)
instrumentation where the output signals are in units of mV/g. Their mounted resonant
frequency is 133 kHz, and the bias voltage is 8.3 VDC. The inner body is electrically isolated
from the mounting surface so as to eliminate the ground loop noise interfering with the
measurements. The calibration for the accelerometers was obtained by the manufacturer
(Kaewunruen 2007). The displacement of the mid-section of the double shear box in the
direction of loading was measured using a non-contact ACUITY AR550-250 laser
displacement transducer placed underneath the mid-section. A data acquisition system the
built-in chassis with coupled SCXI and SCI channels from National Instruments were used to
monitor/record experimental signals from the 24-channel strain gauge unit, the 4-channel
digital voltage platform, and the eight -channel acceleration box. The data acquisition system
was triggered by the impact loading signal from the free-falling drop-weight hammer itself
during the test. Subsequently, the impact load history, the accelerations can be captured. TenkHz low-pass filtering and frequency ban filtering between 45 and 55 Hz were utilized. It
should be noted that the instrumental chasses allow for a signal with a maximum of 10-Volts
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to be entered into the system. Signal conditioning units were then used to decrease the high
voltage signals where appropriate. LabView8 was programmed to obtain, process, analyses,
and record the experimental data to a computer. Signals in voltage (e.g., impact load history
and acceleration) were converted to the particular units (e.g., kN or g’s) by using the
calibration curves and sensitivity values of the particular device as described above. The
spectral analysis feature in LabView8 can facilitate the test data recorded in the time domain
and transform the data into frequency domain if need be. Also, the recording mode can be
selected for a specific point number or a continuous mode. Figure 5.15 shows the schematic
view of the data acquisition system setup for the impact test. The National Instrument
LabView8 is system engineering software for applications that require test, measurement, and
control with rapid access to hardware and data insight. This software was utilized to interpret
data from the data acquisition system into computer in order to monitor and control the test.

Figure 5.15. Data Acquisition System
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MK-I DST set up in drop hammer rig
Table 5.3 shows the result of eight tests that were undertaken using the MK-I apparatus under
different pre-tension loads, concrete strength, different borehole sizes, and concrete internally
confined and unconfined.
The MK-I apparatus was seated on a U-shape beam shown in Figure 5.16. The beam was
placed between two base plates, which were anchored to the ground. Two steel blocks with a
thickness of 55 mm were placed beneath the two-outer entities of the concrete blocks to allow
the central block to travel vertically for 110 mm when the impact load was applied. The outer
frames of the shear box were then clamped tightly to the base platform not only to avoid the
rotation of the blocks during drop loading but also to provide a hinge support condition and
prevent rebounding upon impact. A non-contact ACUITY AR550-250 laser displacement
transducer was located beneath the U-shape beam on the floor to capture the displacement of
the central block during the experiment. To avoid jarring load transfer when the steel tup
impacts the steel plate, rubber was placed on the top of the sample to prolong the duration of
impact loading and reduce the strain rate. A high-speed camera was set up outside of the cage
to capture the behaviour of the system under dynamic conditions.
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Figure 5.16. MK-I DSB preparation for drop hammer test

Impact Load analysis
In order to implement reliable analysis in regard to the impact test results, a general
understanding of some of the inherent characteristics of the instrumented impact testing was
required. These characteristics include the dissipation of tup energy, oscillations of the
instrumented tup signal, and electronic frequency response. However, the latter is not the
concern of this study.
Technically the input energy for the drop test is controlled by the drop height, as the weight of
the drop hammer is constant. Therefore, the only variable that can be set to produce desired
energy is height. As mentioned before, according to the instrumentation available in the HiBay laboratory at the University of Wollongong, the maximum obtainable potential energy
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with respect to height and weight of the drop hammer is 23 kJ (Drop weight= 592 kg and
height= 4 m).
Energy of the impactor
Generally, the maximum energy (E0) that can be obtained by the drop hammer before impact
with the specimen can be found using Eq 5.1;

1
𝐸0 = 𝑚𝑉0 2
2

Eq 5.1

where V0 is the hammer velocity immediately prior to the impact and m is the mass of the
falling assembly. Therefore, if the energy can be defined for the above equation, then the
initial velocity of the system can be calculated or vice versa. However, the impact velocity of
the drop mass can be calculated by Eq 5.2; Considering the energy balance between the kinetic
and potential energy of the hammer,

𝑉0 = √2𝑔ℎ

Eq 5.2

where g is the acceleration due to gravity and its value is 9.81 m/s2 and h is the drop height.
The solution for the impact velocity of a falling object can be evaluated by energy methods.
The advantage of using the energy method is that the beginning and ending energies need be
considered. This is because of the definition of the conservation of energy, defined as the final
energy in the system should be equal to the initial energy in the system. Therefore, in respect
to this law, the kinetic energy as well as the potential energy should be the same in the free fall
hammer. In other words, the potential energy of the hammer, which is at rest will be converted
to the kinetic energy at the time of falling due to conservation of energy. The potential energy
of the drop-weight hammer dropped from a certain height can be evaluated with respect to the
height and the weight of the hammer. The kinetic energy of the impactor during the impact on
the specimen can also be evaluated based on the acceleration of the drop-weight hammer. As a
result, Eq 5.2 can be defined.
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The efficiency of the drop weight hammer was obtained through the calibration tests
undertaken using a high-speed camera. It was found that due to the friction of the guiding
runner the actual velocity reduces to 98 % of the theoretical velocity or free fall velocity of the
weight drop (Kaewunruen, 2007). Therefore, in this study the actual theoretical velocity of the
tup is determined by using Eq 5.3,

0.98𝑉0 = 0.98 ∗ √2𝑔ℎ

Eq 5.3

Energy loss in the impactor
It is important to note that when the tup strikes the test specimen surface, the hammer energy
is reduced. So this reduction of energy is defined as ∆E0 in Eq 5.4 by DeSisto (1974);

∆E0= EI + ESD+ EB + EMV + EME

Eq 5.4

Where,
EI = Increment of energy required to accelerate the specimen from rest to the velocity of the
hammer (Inertial effect),
ESD = total energy consumed by bending the specimen,
EB = Energy consumed by Brinell-type deformation at the specimen load points,
EMV = Energy absorbed by the impact machine through vibrations after the initial contact with
the specimen, and
EME = stored elastic energy absorbed by the machine as a result of the interactions at the
specimen load points.
In Eq 5.5 the effect of Brinell-type deformation can be neglected as the effect of the Brinell
deformation would be addressed by using 10-15 mm elastic rubber on the top surface of the
specimen. There was no indentation observed on the surface of the specimen after the impact
test was undertaken, even though the indentation was observed on the rubber.
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Energy lose in the impactor can be represented by the change in the kinetic energy such that
Eq 5.5;

∆E0= E0 - Ek

Eq 5.5

where E0 is defined in Eq 5.1 as the maximum energy that can be obtained by the drop
hammer before impact, and Ek is the kinetic energy at time t after initial contact between
specimen and tup. The kinetic energy after the impact will then turn into ESD since the whole
kinetic energy will spent on deforming the rock bolt. Bhattacharya et al. (2006) found that the
energy (Ut) spent by the drop-weight hammer in deforming the specimen can be given by Eq
5.6;

𝑥

𝑥

𝑈𝑡 = ∫ 𝐹. 𝑑𝑥 = ∫ 𝑚. a(t). 𝑑𝑥
0

Eq 5.6

0

Where m is the mass of the hammer, a(t) is the acceleration of the hammer.
According to Wang (1996), the energy loss in the impactor (∆E0) due to friction in the contact
zone can be calculated from the integration of the impact force signal as follows Eq 5.7;

2
1
1
∆𝐸0 = 𝑀([ ∫ 𝑝(𝑡). 𝑑𝑡 − 0.98√2𝑔ℎ] − 2𝑔ℎ(0.98)2 )
2
𝑀

Eq 5.7

where M is the drop mass (592 kg), P(t) impulse load history, g is acceleration due to gravity,
and h is the drop height. The coefficient of 0.98 is considered here as the factor of efficiency
of the test rig.
According to DeSisto (1974), the calculated ∆E0 will be approximately equal to the energy
required to deform the specimen (ESD) when EI, EB, EMV and EME are small. It is found that EB
and EMV are usually small when compared with ∆E0, where EI can be a significant fraction of
∆E0. In addition, EI can be calculated from either the load- displacement graph or force-time
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record. As mentioned above, the EME value is an elastic energy term and can be calculated
from Eq 5.8;

EME=

1
2

𝑃𝑡 2 𝑑𝑚𝑡

Eq 5.8

where pt and dmt are the specific values of load and effective machine deformation at the time
t.
Absorbed Energy by the system
In order to understand how much energy can be absorbed by the MK-I apparatus or in other
words, how much energy was wasted by this system, it is important to study the mechanical
response of the system and see how rock bolt reinforced joints actually work under dynamic
loading conditions.
The tup with a mass of m1 is released from a certain height with an initial velocity of V0 to
impact on the surface of the middle section of the MK-I (with a mass of m2 including the rock
bolt). The middle section starts traveling downward along with the tup with a new velocity of
∆V2, having a joint mass together being M= m1+m2. Based on the law of momentum
conservation, when two objects strike one another, the total momentum of the two objects
before the collision is equal to the total momentum of the two objects after collision. In other
words, the total momentum lost by object 1 (tup) is equal to the momentum gained by object 2
(MK-1), Eq 5.9.

m1 ∆V1= (m1+m2) ∆V2

Eq 5.9

When the tup impacts the specimen, in the beginning the specimen starts to close in laterally
for 1-2 ms and then begins to bounce back. The specimen starts to accelerate vertically
downwards when the rock bolt resistance exceeds the impact force with the middle block
acceleration stopping within 10 ms. Plastic deformation occurs when the dynamic load
exceeds the elastic limit of the rock bolt.
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As a result of the impact load, the curve shown in Figure 5.17 can be divided into three stages
as follows:
1. Inertial loading of the tup as a result of acceleration of the specimen from rest,
2. Low-frequency fluctuations caused by stored elastic energy and reflected stress wave,
and
3. Rupture or failure of the rock bolt.
As shown in Figure 5.17, the initial loading on the tup can be viewed as the force caused by
the rigid body to accelerate the specimen from a resting position to a velocity of ∆V2. This
component dominates the initial 20 to 30 ms portion of the tup signal and is represented by the
first load oscillation of the Load-time curve. The magnitude of this inertial oscillation is
related to the acoustic impedances of the tup and specimen and the initial impact velocity. At
the moment of impact, the velocity of the tup decreases whilst the velocity of the specimen
increases. This change is known as the effect of inertia. The inertia is the tendency of an object
to resist a change in state of motion. For instance, if an object is stationary, it tends to remain
in that state of motion unless an external force is applied to it. The state of motion basically
means, changes in velocity, including changes to the object’s speed or direction of motion.
Changing velocity over changing time is acceleration and therefore, inertia is a resistance to
acceleration. It is then reasonable to suggest that as soon as the object starts to undergo a
change in motion, a force is being applied. The second stage after the inertia effect is when the
middle section and the tup moves downward all together (m1+m2), it creates a low-frequency
oscillation in the load-time curve. This low-frequency oscillation is the interaction force
between the tup and the specimen, which results in the energy being stored elastically and
plastically in the rock bolt (ESD).
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Figure 5.17. Load-time and Displacement-time curve in drop test
There is a corresponding sudden change in the stored energy. This energy change is
transferred in a damped sinusoidal fashion, leading to oscillation in the force interaction
between tup and specimen,
The last stage occurs when the rock bolt ruptures because of the dynamic force induced by the
tup being larger than the bolt resistance force.
Regarding the displacement curve, as soon as the hammer strikes the middle section, the
middle section starts to respond to the new velocity as it must accelerate to the speed of the
tup. Meaning, the middle section starts absorbing energy from the tup for 2-3 ms and then
starts moving downward until failure occurs, this trend can be seen clearly from Figure 5.17.

Mechanical response of MK-I
As shown in Figure 5.18 there are two load transfer mechanisms involved in the shearing
process of reinforced rock joints. One refers to the bending section in the vicinity of the
shearing zone in which the bolt deforms due to relative slips between joint planes and the
other one refers to the tensioning section beyond the “bending section” where the tension load
is applied to the rock bolt.
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Figure 5.18. Loading state of bolt subjected to lateral shear displacement adopted from (Li
2016)
Based on mechanical equilibrium conditions, it can be mentioned that force is mobilized in
the MK-I double shear system when two objects move downward, as shown, simplified in
Figure 5.19.

Figure 5.19. Mechanical equilibrium during the impact adopted from (Li et al. 2019)
As depicted in Figure 5.19, also mentioned earlier, when the tup impacts the middle section
the whole section including the tup (m1) and the middle section (m2 including the rock bolt)
started to accelerating to move downward ((m1+m2) g). This impact force creates an external
dynamic force downward which is variable with time and is represented as Fd(t). This
dynamic force tries to push the middle section downward, however, there are upward forces to
resist any change in the state of the motion including the bolt resistance force Fb(t) and a
kinetic frictional force between joint surfaces (μk.N). It is worth mentioning that the Fb(t) bolt
resistance force is variable with time as well. Based on mechanical equilibrium law, the sum
of upward forces should be equal to the sum of downward forces, as Eq 5.10;
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(m1+m2) g+ Fd(t) = 2 Fb(t) + 2 μk.N

Eq 5.10

where μk is the coefficient of kinetic friction between the two surfaces and N is the normal
load applied in the bolt.
Table 5.2 shows calculated theoretical velocity for the tup using Eq 5.2 with respect to a
height of 2 m for all tests except for test 2 and 8 which is 1.5 and 2.5 m, respectively. The
initial theoretical velocity with respect to 1.5 m, 2 m, and 2.5 m of drop height were expected
to result in an impact speed of 5.42, 6.3, and 7 m/s, which are in good agreement with the
ejection velocity measured during moderate to severe rock bursts, for instance 3-10 m/s
(Ortlepp et al. 1994, Camiro et al. 1996, St-Pierre et al. 2009). However, as mentioned before,
due to the friction in the hammer guides the theoretical velocity was multiplied by 0.98 to
make the calculated velocity for the tup more accurate. ESD represents dynamic absorbed
energy which was calculated based on the area underneath the load-displacement graph
illustrated in Figure 5.20. This results in both bending as well as elongation of the rock bolt.
Table 5.2. Calculated velocity as well as actual velocity of the system

Test
No.

Drop
height
(m)

Tup
Velocity
(m/s)

0.98 Tup
Velocity
(Vc m/s)

MK-I
Velocity
(Va m/s)

E0
(kJ)

ESD
(kJ)

EI
(kJ)

∆E0
(kJ)

Absorbed
energy
(ESD/E0)

Waste
of
Energy
due to
EI

1
2
3
4
5*
6
7
8

2
1.5
2
2
2
2
2
2.5

6.3
5.42
6.3
6.3
6.3
6.3
6.3
7.00

6.14
5.32
6.14
6.14
6.14
6.14
6.14
6.86

0
4.38
5.23
4.75
3.98
5.31
5.96
5.67

11.16
8.37
11.16
11.16
11.16
11.16
11.16
13.94

5.68
8.1
6.66
4.7
8.34
10.5
9.50

1.44
2.21
1.9
0.5
2.26
0.60
0.40

1.25
0.85
2.6
5.96
0.56
0.06
4.04

0.68
0.72
0.60
0.42
0.74
0.94
0.68

0.17
0.20
0.17
0.04
0.20
0.05
0.03

By using Eq 5.1, it is possible to calculate the velocity of the system after the tup impacting
the middle section of the MK-I apparatus. The velocity of the middle section after impact is
calculated and then compared with the calculated theoretical velocity prior to impact. It is
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obvious that there is some energy wasted in the system. This wastage of energy could be due
to many factors including absorption of some amount via impactor through vibrations after
initial contact (EME), heat, sound, frictional forces between interfaces of the specimen, gradual
breaking of the rock-grout as well as grout-bolt, inertia force, vibration in nuts on the top
clamps (observed with high speed camera), and losing some more due to rupture of rock bolts
and crushing of the concrete. Rasekh et al. (2017) proposed an analytical model using energy
and the Fourier series method to evaluate the shear behaviour of pre-tensioned fully grouted
cable bolts subjected to double shearing. It was found that most of the energy dissipated in the
MK-III DSB occurred due to the cable strand failure in shear and tension.
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Figure 5.20. Drop test results using MK-I DSB
Figure 5.21 shows the comparison between the total energy required to break the 18 mm
ribbed Jennmar rock bolt calculated from static test shown as Es, the drop test input energy
(E0) calculated based on the height of the drop-weight hammer and the initial calibrated
velocity of the tup, and the energy absorbed by the system shown as Ed.
As shown above, ESD and EI are a breakdown-energy absorption by the system. ESD and EI
were calculated for each test based on the area underneath the load-displacement graph shown
in Figure 5.20. According to Table 5.2, almost 20 % of input energy lost was due to an inertia
effect whilst the rock bolt only dissipated 70 % of the input energy, which led the rock bolt to
be bent and end up rupturing in some cases. This trend was different for test 5, 7, and 8 as
almost 5 % of the energy lost was found to be due to the inertia effect. This can be due to the
change in the thickness of the rubber on the top plate. A study conducted by Player et al.
(2004) and Ansell (2005) on the dynamic behaviour of cone bolts, showed that cone bolts
could have two energy absorption mechanisms: sliding in the resin grout and plastic
deformation. However, the failure mechanism of conventional rock bolts is completely
different with any energy absorption system as rock bolt systems cannot slip along the grout.
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Therefore, rock bolts will undergo plastic deformation under dynamic loading conditions to
absorb the input energy, which was proved by Player et al. (2009).

Figure 5.21. Input energy versus absorbed energy by the MK-I system
As mentioned above, the kinetic energy created in the MK-I double shear system is more
significant than the energy wasted in changing the state of the motion of the system (EI).
Therefore, it is easier to simplify the Eq 5.9 by ignoring the effect of weight. As a result, the
whole dynamic force will go to overcome the bolt resistance as well as the friction between
joint faces.
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Table 5.3. Drop test results for pre-tensioned fully grouted rock bolt using MK-I
Test Properties
Tes
t
No.
1
2
3
4
5
6
7
8

Tendo
n type
Ribbe
d bolt
Ribbe
d bolt
Ribbe
d bolt
Ribbe
d bolt
Ribbe
d bolt
Ribbe
d bolt
Ribbe
d bolt
Ribbe
d bolt

Test Results
Absorbed
Energy
(kJ)
Stati Dynami
c
c

Concret
e
Strengt
h
(MPa)

Internal
confineme
nt

Stati
c
Load
(kN)

Static
Displaceme
nt
(mm)

Dynami
c
Load
(kN)

Dynamic
Displaceme
nt
(mm)

2

40

Yes

324

49

230

-

11.3

7.9

24

1.5

40

Yes

324

40

227

40

10.5

7.1

30

24

2

40

Yes

324

49

236

42

11.3

8.1

18

50

24

2

40

Yes

342

53

200

45

13.1

6.6

18

30

46

2

20

NO

331

59

160

38

13.5

4.7

18

30

24

2

60

NO

304

74

200

61

15.7

8.3

18

30

32

2

20

NO

331

59

190

69

13.5

11.1

18

30

32

2.5

60

NO

304

74

184

52

15.7

9.9

Borehol Drop
e
heigh
t
∅
(m)
(mm)

Tendo
n∅
(mm)

Pretensio
n (kN)

18

30

24

18

50

18
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Test results and analysis
The effect of friction
The first generation of double shear box, known as MK-I DSB, is not frictionless, meaning
that the friction is actively effective during the experimentation of tendon strength subjected to
shearing under static test condition. Therefore, the peak shear load is not the actual maximum
shear load spent on tendon shearing rather it was attributed to the combination of shear load as
well as the amount of load required to overcome the friction. Aziz et al. (2015) developed a
mathematical equation, based on Mohr- Coulomb and Fourier series system to calculate the
friction force between the sheared joint faces of the host medium.

Eq 5.11

Eq 5.12

Where τp is the shear stress, C is cohesion, ϕ is the angle of friction, an is Fourier Coefficient,
n is the number of Fourier Coefficient, which ranges from 0 to 3, u is the shear displacement
and T is the shearing length, which is the characteristics of the shearing machine. Aziz et al.
(2015) reported that 30 % of the total shear force was spent on overcoming the friction
between the shear joints. Li et al. (2016) verified the effect of the equation with experimental
test results. According to the outcome of the current research experiment, the dynamic shear
load of rock bolts is equivalent to its static double shear load when the effect of friction is
removed. The assumption is that when the specimen is subjected to dynamic double shear load
the effect of friction becomes negligible because the friction is a time dependent factor and the
impact load occurs in a very short period of time, therefore the time effect can simply be
considered ineffective. This assumption can be true according to Meriam et al. (2001), if two
surface touches one another, as the velocity of a surface increases, the kinetic friction
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decreases somewhat, and this reduction can be significant at high velocities. As a matter of
fact, this study verified the validity of the Mohr- Coulomb and Fourier series above stated
equation found by Aziz et al. (2015).
In addition, the 30% effective friction can also be verified by the absorbed energy of the
system calculated from the load-displacement graph, shown in Figure 5.20 and Table 5.1. It
can be claimed that the absorbed energy, measured from the drop test, is close to the pure
shear capacity of the rock bolt. According to Table 5.1 and Table 5.3, the absorbed energy by
the system in a drop test is 70 % of the absorbed energy under static loading conditions.
Li et al. (2016) studied the shear behaviour of fiber glass (FG) bolt, rock bolt (steel rebar bolt),
and cable bolt for the bolt contribution to bolted concrete surface shear strength, and bolt
failure mode. It was found that the contribution of the rock bolt to joint shear strength was
1.20 times higher than its tensile strength. The bolt contribution is normally standardized by
the maximum tensile failure force of bolts as follows:

Tc=

𝑅

Eq 5.13

2𝐹𝑚𝑎𝑥

where Tc is the normalized bolt contribution to joint shear strength; Fmax is the bolt tensile
strength, and R is the bolt contribution to joint shear strength.

Figure 5.22. Loads induced on joint and in tendon adopted from (Li et al. 2016)
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In experimental analysis (Grasselli 2005, Jalalifar et al. 2010), the bolt contribution to joint
shear strength based on recorded loads is as follows:

𝑅 = 𝐹𝑆 − 2𝑁 tan ∅

Eq 5.14

where Fs is joint shear force; N is the externally applied normal force at the shear joint surface.
Table 5.4. Normalized rock bolt contribution to joint shear strength
Test
No.

1
2
3
4
5
6
7
8

Tendon
type

18mm
bolt
18mm
bolt
18mm
bolt
18mm
bolt
18mm
bolt
18mm
bolt
18mm
bolt
18mm
bolt

Pretension
(kN)

Tensile
strength
(kN)

Static
shear
load
(kN)

Dynamic
shear
load (kN)

Normalised
bolt
contribution
(Static)

Normalised
bolt
contribution
(Dynamic)

Norm.
Dyn/Norm.
Static

30

120

324

230

1.35

1.00

0.74

50

120

324

227

1.35

1.00

0.74

30

120

324

236

1.35

1.00

0.74

50

120

342

200

1.45

0.85

0.58

30

120

331

160

1.40

0.65

0.48

30

120

304

200

1.25

0.85

0.67

30

120

331

190

1.40

0.8

0.58

30

120

304

184

1.30

0.8

0.63

1.30

0.95

0.7

Average (test 4, 5&7 is excluded)

The contribution of rock bolts was normalized by their tensile strength and listed in Table 5.4.
Tensile strength of 18 mm ribbed bolts was found through tensile strength testing using the
500 kN Instron Universal Testing Machine, the results are shown in Figure 5.33. By looking at
Table 5.4, it can be seen that with the exception of test 4, 5 and 7, the bolt contribution to joint
shear strength for static double shear tests are higher than that in dynamic double shear tests
by almost 30 %. Figure 5.23 illustrates the normalized shear strength of the rock bolt, which is
calculated as being almost 1.30 of its ultimate tensile strength in static loading conditions. On
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the other hand, in dynamic loading conditions this ratio is almost measured to be 1.0.
Therefore, by comparing dynamic loading conditions results with static ones, it can be said
that almost 30 % of static shear strength can be wasted and this wastage is the force to be
spent on shear joints to overcome the joint friction strength.

Figure 5.23. Static and dynamic normalized double shear strength
Figure 5.24 demonstrates the ratio of dynamic shear strength to the static shear strength for
each test. The ratio of dynamic shear strength to static shear strength was measured to be
approximately 70 % based on the line of best fit from the graph. However, regardless of the
medium strength, it was previously found that the pure shear strength of dowels are 50-60 %
of their ultimate tensile strength from static loading conditions (Tadolini et al. 2016, Li et al.
2019). It is clear, that the mechanical response of the rock bolts under dynamic loading
conditions is different from bolts under static loading conditions. The reason is that during the
drop test, since the load applies in a very short duration of time, the effect of time can be
negligible, and therefore, the rock bolt has no time to go through all the steps that occur in low
strain rate including the elastic, elastoplastic, and plastic stages. As a matter of fact, plastic
deformation was generated in the rock bolts in a very swift manner.
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Figure 5.24. The ratio of Dynamic to static double shear load
The influence of load rates in double shear test
Yang (2019) investigated the rate of shearing of rock bolts using MK-I DSB. In this study,
three different loading rates including 1, 10, and 15 mm/min loading rates were applied on
rock bolts.
Figure 5.25 shows the relationship between shear load and shear displacement when different
rates of loading being applied to 16 mm DSI smooth rock bolts. By looking at the results, it is
clear that with the increase in the loading rate the peak shear load decreased, and the shear
displacement increased. In addition, in response to the increased loading rate, the plastic hinge
location moved towards the joint face as shown in Figure 5.25. It was also found that with
higher loading rates, the effect of the guillotine in shear test is still active and this was due to
the increase of higher stress concentrations at the joint faces.
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Figure 5.25. Load-displacement within different loading rate and plastic hinge point of sheared rock
bolt
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Peak shear load under impact loading measured less than low strain rate loading. According to
Table 5.3 static double shear load is almost 1.30 to 1.40 times higher than the dynamic double
shear load. Looking at the Figure 5.25, it can be understood that the higher the load, the less
elastic stiffness in the double shear system. The higher the elastic stiffness attributed to a
higher shear load. Theoretically, stiffness is a measurement of how quickly a support develops
its load carrying capacity. In this case, the rock bolt tested in this study does not provide a
quick support to resist deformation as it had a very small elastic stiffness. In addition, the
shear displacement decreased at a high strain rate of loading comparing to a low strain rate of
loading. It is well known in material science that materials like steel are strain-rate sensitive.
One reason is the effect of time. During the impact test materials undergo a sudden load and
therefore energy propagates in a very rapid pace. Imbeau (2012) found that the ductility of
steel material decreases with elevating strain rates. Meaning, the deformation can be affected
by the change in rate of loading. Normally, the increase in the rate of load should cause lower
shear displacement as the prolong loading with a slow rate of loading may be influenced by
rheological elongation and concrete medium deformation.
The deformation of the bolt after impact
The displacement versus time history for each test was obtained through using a non-contact
laser transducer placed underneath the middle section of the specimen. The maximum
displacement for each test is represented in Table 5.3. The failure mode of rock bolts as it was
mentioned before consists of two modes: 1) combination of shear-tension failure, and 2)
bending resulting from dynamic vertical shear and lateral tension. After conducting the impact
tests, either the sample ruptured or suspended. When inadequate input energy was exerted on
the system, or due to the medium strength, the middle section remained suspended on the
deformed rock bolt (Figure 5.26a), while when rupture occurred, the deformed rock bolt is
sheared off in one side and bent on the other side being left as per the sample shown in Figure
5.26b.
As shown in Table 5.3, the displacement result for the first test was not recorded as the laser
did not work properly. However, the displacement for the other impact tests were recorded
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accordingly. Rock bolts were ruptured, meaning sheared off on one side, in test 1, 2, 3, and 4
but not ruptured in test 5, 6, 7 and 8, meaning remained suspended. Rock bolts did not

Figure 5.26. Post-test view after impact
fail in test 6 because the input energy was not sufficiently calculated to rupture the rock bolt.
The height was considered constant for every single test at 2 m except for test 2 and test 8
which was considered at 1.5 and 2.5 m. The calculated absorbed energy of the system based
on the static test for test 2 required the tup to be set to 1.8 m in height, however, as a trial it
was decided to be set at 1.5 m. The sample was still broken on one side. The reason why the
rock bolt was sheared off is that, only 70 % of the energy absorbed by the system in static
loading condition would be enough to let the rock bolt fail, and that 70 % is equal to 7.3 kJ
energy. However, the energy equivalent to 1.5 m height was 8.7 kJ, which is still 15 % higher
than the required energy. Therefore, a 1.5 m height could create enough energy for the rock
bolt to be sheared off. Furthermore, the rock bolt in test 5 and 7 did not break, whilst the input
energy was properly provided by the drop test. This could be due to the strength of the
medium as it was 20 MPa, which is quite soft. The lower the UCS, the less brittle the medium
will be, which would result in the absorption of more energy by the concrete rather than the
rock bolt, and eventually leading to the failure in the concrete (Figure 5.32A). In addition,
energy absorbed by the system in test 6 and 8 did not exceed the plastic capacity of the bolt,
which led to the sample not to be ruptured but suspended. Even though at a height of 2 m
(11.61 kJ) can provide enough energy for the sample in test 6 to rupture, the sample did not
break and remained suspended with a wide-opened crack length way in the sample. However,
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test 6 was repeated (test 8) with a higher drop height of 2.5 m equivalent of 14.5 kJ energy.
Again, the sample did not break. The only reason is the strength of the medium, which was 60
MPa. It can be reported that, due to the brittle characteristic of the medium, the impact caused
the concrete to fail and that prevented enough energy being delivered to the rock bolt and
eventually not leading to the rupture of the sample (Figure 5.32C). Li (2016) reported that
after the stress wave in the concrete has passed, the dynamic axial and shear strains gradually
reduced in amplitude as the bolt continues to vibrate and ended up sustaining more input
energy. Therefore, if the medium fails, the energy cannot be sustained by the rock bolt,
because a significant amount of energy is wasted. The deformed 18 mm rock bolts are shown
in Figure 5.27. Two parameters were defined for each rock bolt, α and b, which were
measured when the rock bolt was remove from the MK-I apparatus after testing. α represents
the angle of bending and b refers to the shear displacement.

20 MPa - Static
α= 55˚
b= 59 mm
20 MPa - Dynamic
α= 40˚
b= 45 mm
40 MPa - Dynamic
α= 52˚
b= 42 mm
60 MPa - Static
α= 60˚
b= 74 mm
60 MPa - Dynamic
α= 41˚
b= 61 mm
Figure 5.27. Rock bolt deformation post-impact test
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By comparing the deformation of rock bolts under static loading conditions with impact tests,
it can be seen that rock bolts in a low strain loading condition have a higher angle of bending,
whilst this angle for those rock bolts under a higher strain loading condition is slightly
smoother. The reason is that rock bolt in static test underwent the three stages of behaviour as
depicted in Figure 5.28:
1) Rapid loading stage,
2) Transition stage of elastic-plastic phase, and
3) Slow loading stage of plastic stage.

Figure 5.28. Typical curve of shear load versus shear displacement in double shear test under
low strain load
The first stage represents the high initial stiffness of the system, which during this stage the
shear load increasing with displacement rapidly until elastic yield point reached. When the
elastic yield point is reached, the sample moves to the second stage, which is a short transition
stage from elastic to plastic. Then the sample reverts to the third stage, which is the plastic
stage. In this stage the elastic limit has been reached, and plastic deformation started with the
displacement increasing slowly with increasing load. In this stage, the sample started necking
until the failure occurred. In contrast, there is actually a two stage behaviour for rock bolts
under high strain impact load as shown in Figure 5.29:
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➢ Inertia force; and
➢ Substantial rapid plastic loading stage.

Figure 5.29. Typical curve of shear load, shear displacement versus time in double shear test
under impact load
The first stage is the inertia force which occurred in a fraction of a second (5 ms) and it is a
transitional stage for the sample. Because, once the impact has occurred the sample starts to
respond to the new velocity as it must accelerate to the speed of the drop weight hammer.
Therefore, there is no load bearing happening in this stage. However, the second stage of the
graph is the actual load bearing stage of the sample, which has occurred in a very short period
of time at 15 ms in a sinusoidal fashion. In this stage, due to the shortage of time and sudden
movement of the sample, the rock bolt bears a substantial amount of load until the ultimate
strength of the rock bolt is reached which ends up leading to rupture. A substantial rapid
plastic deformation is generated vertically, which prevents the sample undergoing necking and
eventually shearing off, the rock bolt as depicted in Figure 5.30. Ansell (2005) reported that
plastic stress waves may appear in both dynamic and quasi-static loading, resulting in
permanent deformation along a steel bar. Thus, if an elastic-plastic material is suddenly loaded
by stresses exceeding the elastic limit of the material, both elastic and plastic waves will start
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propagating through the material, and the speed of propagation of these elastic stress waves’ is
much faster than for plastic waves.

Figure 5.30. Sheared joint of 18 mm rock bolt under impact load
The effect of pretension load
Figure 5.31 illustrates the effect of pretension load on the dynamic peak shear load when
comparing the results of tests 1, 2, 3 and 4 as they were all tested in 40 MPa concrete and
internally confined with steel pipes. As reported by so many researchers, the expected
outcome is that the peak shear load decreases by increasing the pretension load of rock bolts as
well as cable bolts when they undertake static double shear testing with a set rating load of 1
mm/min. However, dynamic double shear testing surprisingly shows a different trend as the
effect of pretension load is not effective on the peak shear load. This can be seen in Figure
5.31.
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Figure 5.31. Effect of pretension load on dynamic peak shear load using internally confined
40MPa medium
Concrete failure under static and dynamic loading condition
The strength of the concrete type used as a host medium and its confinement, has an influence
on the shear load and shear displacement of tendons. It was found that internally reinforced
concrete blocks will cause the rock bolt to fail at reduced peak shear load and peak shear
displacement. The internal reinforcement tubes enhance the concrete strength, reducing the
size and depth of the crushed zones around each joint face. Figure 5.32 shows three exposed
tested mediums with different strengths of 20, 40, and 60 MPa with and without internal
reinforcement. Figure 5.32A and C show the external confinement in rectangular concrete
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with open top showing the axial crack post-test. Figure 5.32B shows a combination of internal
and external confinements with no external cracks on the middle section but very small crack
propagation on the side concrete. The internal confinement of the concrete block contributes to
increased concrete strength and stiffness. It minimizes early concrete deformation around the
tendon close to sheared joint faces.
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Figure 5.32. The effect of the internal reinforcement with steel tube
It has been observed by researchers (Malvar et al. 1998, Grote et al. 2001, Wu et al. 2015) that
the response of concrete under dynamic loads is highly related to the rate of loading and there
is a significant difference that can be seen between static and dynamic behaviour. The reason
given is that the dynamic strength of concretes is enhanced as strain rates increase (Wu et al.
2015). In the current study, concrete having a higher compressive strength (60 MPa) is
considered to be brittle in comparison with the 40 MPa and 20 MPa concrete strength. Rock
bolts in tests 6 and 8 did not break as the concrete broke in half, causing the energy to be
wasted rather than being transferred to the rock bolt. On the other hand, the 20 MPa concrete
was broken under dynamic loading conditions, in tests 5 and 7. A 20 MPa concrete strength
was considered as a soft rock. The softer the concrete, the more energy can be absorbed by the
concrete, causing the concrete failure. Failure of concrete will then lead the rock bolt to be left
unbroken. However, concrete with 40 MPa strength, having internal reinforcement not only
did not break but also led to the rock bolt to fail in shear. This trend was seen before under
static loading condition explained in 5.3.
All in all, concrete medium should be reinforced internally to prevent radial and axial cracking
of the concrete, which allows the energy to be transfer from the medium to the rock bolt in a
more efficient way. Concrete behaviour can be investigated further using the split Hopkinson
pressure bar technique to have a better comparison between static and dynamic behaviour of
the concrete medium.

261

Strain rate effect
The behaviour and the performance of material under high loading rates has not been well
understood over the past years. Mechanical properties of materials such as concrete, grout, and
rock bolts can be affected by high loading rates, due to the inability of the material to respond
quickly to the high loading rate conditions. It has been reported that the strength and other
properties of rocks improve as the strain rate increases (Liu et al. 2018). Tahmasebinia et al.
(2018) studied the numerical and analytical simulation of the structural behaviour of fully
grouted cable bolts under impulsive loading. This was demonstrated by comparing both the
static and dynamic loading versus displacement, the failure of the cable bolt takes place at the
initial stage in dynamic loading due to the effects of the high strain rates. The high strain rates
of the bolt due to the impulsive loading can change the capacity of the cable bolt. The
mechanical properties of concrete-like material can significantly vary between static loading
conditions and high strain rate loading conditions. This change in the mechanical properties of
the material under high strain rate loading condition is called the strain rate effect (Wei et al.
2019). The strain rate effect is defined through the Dynamic Increase Factor (DIF) which can
be highly critical in the design and analysis of ground support systems particularly in burstprone conditions for explosives safety. DIF is a dimensionless number which describes how
many times the deflections or stresses should be multiplied to determine the deflections or
stresses caused by the static loads when a dynamic load is applied to a structure. In other
words, the ratio of the dynamic to static strength, is normally reported as function of strain rate
(Malvar et al. 1998, Liu et al. 2018). Extensive research has been devoted over the past
decades, to characterize the strain rate effects on properties of rock-like materials with many
DIF curves, however these curves are typically based on limited data. The study conducted by
Liu et al. (2018) provided an aggregated DIF for compressive and tensile strength of rocks
over a wide scope of strain rates. It has been stressed that the updated DIF can have a direct
application for calculations of ground motion and dynamic response of underground
excavations, and for prediction of fragment sizes and distributions formed by blasting or
percussive rock fragmentation.
According to the above mentioned study the DIF can be calculated as follows;
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DIFc= {

1 + 0.15 𝜀̇𝑐 0.30 𝑓𝑜𝑟 𝜀̇𝑐 < 101 𝑠 −1
1 + 0.1𝜀̇𝑐 0.50
𝑓𝑜𝑟 𝜀̇𝑐 ≥ 101 𝑠 −1

Eq 5.15

, and

1 + 0.70 𝜀̇𝑡 0.18
DIFt= {
1 + 0.70𝜀̇𝑡 0.55

𝑓𝑜𝑟 𝜀̇𝑡 < 100 𝑠 −1
𝑓𝑜𝑟 𝜀̇𝑡 ≥ 100 𝑠 −1

Eq 5.16

where DIFc and DIFt are dynamic increase factors for compressive and tensile strength of
rocks, respectively; 𝜀̇𝑐 is the compressive strain rate in the range from 10-6 to 104 s-1; 𝜀̇𝑡 is the
tensile strain rate in the range from 10-6 to 103 s-1.
According to Li (2016), in the case of plain concrete, the strain rate can affect both the
concrete strength and stiffness, and in the case of rock bolt, only the strength parameter was
amplified by the high strain rate.
The strain rate effect in steel bars could be calculated based on Eq 5.17 according to Wei et al.
(2019) as follows;

𝑓𝑟,𝑑
𝜀̇ 𝛿
= 𝐷𝐼𝐹 = ( −4 )
𝑓𝑟,𝑠
10

Eq 5.17

where fr,d is the dynamic strength of the reinforcement, fr,s is static strength of the
reinforcement, 𝜀̇ is the strain rate, for yield strength, 𝛿 = 0.074 – 0.040
strength 𝛿 = 0.019 − 0.009

𝑓𝑦
60

𝑓𝑦
60

, and for ultimate

, and fy is the rock bolt yield strength in ksi (for fy in MPa, the

6o ksi should be replaced by 414 MPa). Furthermore, it is stated that this DIF model is
applicable for strain rates (𝜀̇) between 10−4 s-1 and 225 s-1, and is valid for the reinforcement
element with static yield stresses ranging between approximately 290 and 710 MPa. The rock
bolt used in this study is within this range as the stress-strain curve shows in Figure 5.33.
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Figure 5.33. Static stress-strain relation for the tested 18 and 16 mm rock bolt (load rate
1mm/min)
For the current study as shown in Table 5.5, the DIF for 18 mm rock bolt is calculated. An
empirical formula proposed by (Malvar 1998) is used to calculate the dynamic yield limit and
ultimate strength of steel as a function of the strain rate 𝜀̇ and quasi-static yield limit. The
maximal strain rate can be measured by Eq 5.18;

𝜀̇ =

𝑉
𝑙0

Eq 5.18

where V is the initial velocity of the tup with considering 2 % effective friction on the guiding
rubber, and l0 is the effective bolt length. 𝑓𝑦 is considered as almost 80 kN based on the results
shown in Figure 5.33.
Table 5.5. The Dynamic Increase Factor for 1 s-1 strain rate
Dynamic increase factor

18 mm rock bolt

DIFfy

1.27

DIFfu

1.00
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According to the result shown in Table 5.5 and also the results from the pull-out test shown in
Figure 5.33, the dynamic yield strength as well as dynamic ultimate strength for 18 mm rock
bolt is 399 and 457 MPa (101.6 and 116.5 kN).

Summary
The dynamic response of conventional 18 mm Jennmar ribbed rock bolts were discussed using
the drop hammer machine to generate a dynamic load exerted on rock bolts. For this purpose,
rectangular MK-I the first generation of double shear box was utilized. Firstly, six samples
were prepared using 18 mm ribbed Jennmar rock bolts in different internal confinements
designed to minimize or mitigate radial as well as axial crack propagations on the concrete
medium. Through using internal confinement, the following results were obtained:
➢ Internal confinement in concrete has influenced the shear load level but not the trend as
shown in Figure 5.8.
➢ In the high stiffness stage, the joint shear stiffness was affected by pretension (Li et al.
2016). The higher the bolt pretension, the higher the joint shear stiffness.
➢ The amount of stretching in the bolt reduced through confining the bolt in shear joints.
This can be proven by comparing the shear displacement for each test. Almost 25 %
reduction in shear displacement as demonstrated in Figure 5.7.
➢ The axial load for tests 5 and 6 dropped 6.5 % in comparison with tests 1 and 2,
meaning the rock bolt was less under tension when shear joints were internally
confined. However, this effect was more noticeable for tests 3 and 4 as the axial load
dropped 12.5 and 9.5 %, respectively.
➢ The hinge point distance from the shear joints decreased with internal confinement.
Crushing zone was reduced by approximately 25-30 %, as shown in Figure 5.10.
➢ Axial and radial cracking on the shear zone completely minimized.
➢ The effect of cone and cup as a result of tension failure completely eliminated.
In the second stage of the study, another eight tests were undertaken using the MK-I DSB
apparatus under different pre-tension loads, concrete strengths, different borehole sizes, and
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concrete internally confined and unconfined using the drop hammer rig to assess the dynamic
behaviour of the 18 mm ribbed rock bolts.
It was found that there is some energy wasted in the system and this wastage of energy could
be due to many factors including absorption of some amount of energy via the impactor
through vibration after initial contact (EME), heat, sound, frictional forces between interfaces
of the specimen, gradual breaking of the rock-grout as well as grout-bolt, inertia force,
vibration in nuts on the top clamps as well as end of the rock bolts, and losing some more due
to the rupture of rock bolts and the crushing of concretes.
When sufficient energy is put into the double shear test system, the deformation of the rock
bolts is dominated by the localized shear force. It was postulated that almost 20 % of input
energy is lost due to the inertia effect whilst the rock bolt only dissipates 70 % of the input
energy, which led to the rock bolt being bent and end up ruptured in some cases.
It was previously reported that the peak shear load using the MK-I double shear testing rig is
not the actual maximum shear load spent on tendon shearing rather it was attributed to the
combination of shear load as well as the amount of load required to overcome the friction.
Based on this claim a mathematical equation, based on Mohr-Coulomb and Fourier series
system was developed to calculate the friction force between the sheared joint faces of the host
medium.

Eq 5.11

Eq 5.12

According to the outcome of the current research experiment, the dynamic shear load of rock
bolts is equivalent to its static double shear load when the effect of friction is removed. The
assumption is that when the specimen is subjected to dynamic double shear load the effect of
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friction becomes negligible because the friction is a time dependent factor and the impact load
occurs over a very short period of time, therefore the time effect can simply be considered
ineffective. The ratio of dynamic shear strength to static shear strength was measured as
approximately 0.7.
The rate of loading was found to be effective as with higher loading rates, but still the effect of
the guillotine in the shear test is active and this was due to the increase of higher stress
concentration at the joint faces.
The higher the load, the less elastic stiffness is in the double shear system. The higher the
elastic stiffness attributed to a higher shear load. Meaning, the rock bolts tested in this study
do not provide a quick support to resist deformation. In addition, the shear displacement
decreased at a high strain rate of loading compared to a low strain rate of loading. It is well
known in material science that materials like steel are strain-rate sensitive. One reason is the
effect of the time. During the impact test materials undergo a sudden load and energy
propagates at a rapid pace. Imbeau (2012) found that ductility of steel material decreases with
elevating strain rates. Meaning, the deformation can be affected by the change in rate of
loading.
The effect of pretension was found to be ineffective in regard to dynamic double shear testing.
While the trend in literature is that the peak shear load decreases by increasing the pretension
load of rock bolts as well as cable bolts when they test on static double shear test with a set
rating load of 1 mm/min.
The strength of the concrete type used as a host medium and its confinement, has an influence
on the shear load and shear displacement of tendons. It was found that internally reinforced
concrete blocks will cause the rock bolt to fail at a reduced peak shear load and peak shear
displacement. The internal reinforcement tubes enhance the concrete strength, reducing the
size and depth of the crushed zones around each joint face. It was also found that the more
brittle the concrete, the less energy will transfer to the rock bolts. Also, the softer the concrete,
the less energy absorption by the rock bolt.
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DIF was calculated based on the empirical formula proposed by (Malvar 1998) and It was
found that the dynamic yield strength as well as dynamic ultimate strength for an 18 mm rock
bolt is 399 and 457 MPa (101.6 and 116.5 kN) as the DIF for yield strength is 1.27 of the
static yield strength and 1.00 for ultimate tensile strength.
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Numerical modelling of double shear tests under dynamic loading
condition
Introduction
Numerical methods are the most versatile computational methods for various engineering
disciplines because a structure is split into small elements and the constitutive equations that
describe the individual elements and their interactions are constructed. These numerous
equations are solved together simultaneously using computational techniques. The results
from this procedure include the stress distribution and displacement pattern within a structure.
Numerical modelling can be used to analyze the behaviour of cable bolts and rock bolts in a
jointed rock mass, analyzing the stresses and strains developed in the bolt and surrounding
materials (Jalalifar et al. 2012, Tahmasebinia et al. 2018). A range of numerical models can be
used to simulate the performance of rock mass under different loading conditions, including
the finite element method (FEM), the boundary element method (BEM), the finite difference
method (FDM), and the discrete element method (DEM). It is important to better understand
the behaviour of rock bolts under various loads, in particular dynamic loading, which is a
complex and significant part of the design of the rock reinforcement system. However, the
information regarding the in-situ behaviour of rock bolts is not sufficient enough in the
database, therefore, numerical modeling is necessary to simulate and analyze the response.
The objective of this chapter is to simulate numerically the behaviour of fully grouted rock
bolts under dynamic loading conditions and compare the results with the experimental studies.
To achieve this objective, the experimental setup was modelled using ANSYS/LS-DYNA
software to analyze the development of stress and strain conditions in the rock bolts and
concrete to be able to examine the mechanical response of the fully grouted rock bolt and
concrete under an impact load.
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Finite Element Modelling ANSYS/LS-DYNA
ANSYS is a powerful non-linear simulation tool (Jalalifar et al. 2012). The ANSYS software
is a commercial FE analysis program, which has been in use for more than thirty years. The
software can analyze the stress and strain build up in different problems, in particular the
designing roof bolts and longwall support systems.
Numerical analysis of the dynamic behaviour of rock bolts in a jointed rock mass, when
subjected to extreme loading, can be studied using non-linear finite element software such as
ABAQUS and LS-DYNA. In this chapter, ANSYS/LS-DYNA non-linear finite element
software is considered. The advantage of using LS-DYNA is the efficient computational
capability and the availability of a comprehensive material library. The current version of LSDYNA contains more than 270 material models, of which 100 of them are constitutive models
controlled by ten equations of state to cover a broad spectrum of materials (LSTC 2016,
Bohara et al. 2019). LS-DYNA is the most widely used explicit analysis program, capable of
simulating the response of materials to short duration dynamic loading. Its many elements,
contact formulations, material models, and other controls can be used to simulate complex
models with control over all the details of the problem. LS-DYNA can perform simulations of
mechanisms involving joints and articulations subjected to impacts whether from drops or
collisions.

Numerical test setup
Structural geometry development using Strand7
A three-dimensional (3D) FE model was generated using Strand7 software. Strand7 is finite
element analysis software that gives the user unparalleled functionality in a single application
(Strand7 2010). Strand7 allows the user to have automatic mesh generation tools, working
directly from geometry. It allows users to automatically generate 4-node and 10-node
tetrahedral solid elements from 3D solid models. For this study, automatic surface mesh
generation was used to create a high-quality FE mesh. The created mesh was composed of
linear, quadratic triangular, and quadrilateral elements (3 node triangular elements and 4 node
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quadrilateral elements). Figure 6.1 shows a general view of the MK-I DSB geometry using
Strand7 software.

Figure 6.1. General view of 3D MK-I DSB geometry in Strand7 modelling environment

LS-PrePost keyword entity
After creating geometry in Strand7, the file was exported to LS-PrePost for the dynamic
analysis, shown in Figure 6.2. The exported file was saved as an MSC/Nastran file (.nas)
format. LS-PrePost is an advanced pre- and post-processor that is delivered free with LSDYNA. The user interface is designed to be both efficient and intuitive. To represent the drop
hammer, 50 mm steel plate, dynamic load cell as well as the tup, eight-node solid hexahedron
elements with single-point integration were used. Single point integration produces less stiff
elements and saves substantial computational time (Saleh et al. 2019).
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A full 3D view of the imported geometry, as well as the drop hammer weight, are shown in
Figure 6.2.

Figure 6.2. 3D model of MK-I DSB geometry as well as drop hammer compartments in LSPrePost environment
To reduce the computational time and make the simulations more efficient, one quarter of the
entire body of the 3D model was considered due to the existing symmetry planes in the model
as shown in Figure 6.3.
Boundary conditions and initial velocity
The boundary conditions were considered the same as the actual laboratory experimental
setup. As described before in Chapter 5 section 5.5.2, the two outer entities of the DS box
were clamped tightly to the base platform not only to avoid the rotation of the blocks during
drop loading but also to provide a hinge support condition and prevent rebounding upon
impact. Therefore, to mimic the real situation in the modelling environment, as shown in
Figure 6.3b, the underside of the outer entity of the DS box was fully fixed in X, Y, Z
directions using SPC constraints. Since the model is symmetrical and a quarter of the model
was considered for the simulation, symmetry was used to restrain the model in the X and Z
directions as shown in Figure 6.3a. For the nut function and the plate attached to the face
before the nut, nodes at the end of the rock bolt as well as concrete face were chosen and fully
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fixed as shown in Figure 6.3b. The drop hammer was also restrained and only allowed to be
moved in the Y (vertical) direction to replicate the free-falling drop hammer, with a pre-set
initial velocity using *Initial_Velocity_Generation command. The velocity was calculated
based on the drop height of 2 m for all tests as explained in Chapter 5 section 5.6.

Figure 6.3. (a) Boundary condition of the quarter of the MK-I DSB and drop hammer weight
in LS-PrePost environment, (b) boundary condition on the side entity of the specimen
Contact surfaces
Concrete blocks, rock bolt, grout, drop hammer, 50 mm plate, and steel confinement elements
need to be connected through the *Contact algorithms in the LS-DYNA software. The contact
function allows each element to transmit the stress between one another to make the
simulation more accurate. In this study, it is significant to model the bond behaviour between
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the rock bolt and concrete through cementitious grout, as the bonding controls the load
transference from one medium to another. Therefore, it is important to properly simulate the
bonding behaviour amongst each part to fully understand how the energy or stresses is being
transferred, when and where de-bonding occurs and how a gap is created between the
interfaces (Jalalifar 2006).
Several formulations are available in LS-DYNA to model the contact between each part
defined in the geometry. Accordingly, it was found that automatic contacts are the most
appropriate option to use for this study. Automatic contact is also recommended for most
explicit simulations based on LSTC (2016). Therefore, the automatic surface-to-surface
contact algorithm was found to be sufficient for this study.
After many trials, it was found that the static coefficient factor influences results more than the
dynamic coefficient factor. A dynamic and static coefficient were applied at the interface
between rock bolt and grout as well as the grout and concrete as Fd= 0.5 and Fs= 0.3,
respectively. It was also investigated as to whether the static coefficient of 0.1 and the
dynamic coefficient of 0.1 was sufficient to simulate friction between the two concrete faces.
However, the dynamic coefficient was found to be non-effective.
Hourglass control
According to the LSTC (2016), hourglass control is viscosity or stiffness that is added to
quadrilateral shell elements and hexahedral solid elements that use reduced integration.
Hourglass is a zero-energy mode that arises when single-point integration is being used.
Without controlling hourglass in the simulation, the elements would have zero energy
deformation modes which could grow large and destroy the simulation. To control the zeroenergy modes in the simulation, an hourglass was defined. Accordingly, the FlanaganBelytschko stiffness form with exact volume integration for solid elements was used with an
hourglass coefficient or QM of 0.03. This is recommended by LSTC (2016) for non-linear
material. It is recommended to keep the hourglass energy value almost 10 % of the total
energy.
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Energy control
The energy control option was utilized to calculate sliding energy, hourglass energy, and
dissipation energy. Therefore, hourglass energy was calculated and included in the energy
balance for this model. Also, the energy dissipation option was activated, and the dissipation
of energy was computed and included in the energy balance. Sliding interface energy
dissipation option was also considered and energy dissipation was measured accordingly and
included in the energy balance. All these calculations are reported and could be accessible
through ASCII option files glstat and matsum. The ASCII option was defined through the
*DATABASE command.

Material model properties
Concrete
Concrete has several engineering and material characteristics that are very different from
metals. The compressive strength of concrete is higher than the tensile strength, and when its
maximum compressive load is reached, its strength decreases to its residual strength due to
crack initiation. Concrete inherently falls under the category of quasi-brittle materials, which
is associated with a softened stress-strain response after the peak. The behaviour of such
material is known to be significantly influenced by the rate of loading and consequently, the
apparent strength of concrete at high strain rates increases significantly (Malvar et al. 1994,
Attard et al. 1996, Malvar et al. 1998, Grote et al. 2001, Markovich et al. 2011, Ožbolt et al.
2011, Takazawa et al. 2018). The ratio of the dynamic to static strength is normally used as a
function of strain rate. Therefore, there is a tendency that with the increase of loading rate the
failure mode changes. It is worth mentioning that a concrete model to reproduce such
behaviour is necessary. Govindjee et al. (1995) introduced a framework for damage mechanics
of brittle solids and it was found that a simple three-surface failure model for concrete
produced results in good agreement with the experimental results. In LS-DYNA, there are
various models provided to model concrete behaviour under dynamic loading condition
including the WINFRITH model (*MAT_84), CONTINUOUS SURFACE CAP Model
(CSCM, *MAT_159), the CONCRETE DAMAGE Rel3 model (KCC, *MAT_72_REL3),
MAT_PSEUDO_TENSOR

(*MAT_16),

MAT_GEOLOGIC_CAP_Model
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(*MAT_25),

ISOTROPIC

ELASTIC-PLASTIC

model

(*MAT_17)

MAT_JOHNSON_HOLMQUIST_CONCRETE (*MAT_111) and several others. One of the
most advanced concrete model materials is a model developed by Malvar et al. (1997). They
have tested and improved it during the years 1994-2000 and named it “Concrete Damage
Release 3” (Malvar et al. 1994, Malvar et al. 1997, Malvar et al. 1998, Malvar et al. 2000). For
this model, 49 parameters are set, specified by the users. This model also provides a capability
of automatically generating the parameters, given only the unconfined compressive strength of
the concrete. However, Markovich et al. (2011) studied the validation of the concrete damage
model for a wide range of strong concretes. It was found that there is a need for improvement
of the automatic parameter generator of the Malvar model. Mardalizad et al. (2016) performed
a numerical study to investigate the response of a sandstone rock named “Pietra Serena” under
uniaxial compressive loading. The objective was to find a material model using LS-DYNA to
limit expensive field testing. In this study, the concrete damage model (*MAT_72_REL3) was
used as well as the Mohr-Coulomb model (*MAT_173) to compare the capabilities and
limitations of the Concrete Damage Model. It was, however, reported that twenty-two input
parameters were required to specify the full version of the concrete damage model that eight
of which should be calibrated by experimental triaxial tests. It was concluded that both models
were shown a reasonable response compared to experimental ones, the comparison is shown in
Figure 6.4.

Figure 6.4. MAT_072R3 and MAT_173 models compare to experimental result adopted from
(Mardalizad et al. 2016)
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Tu et al. (2009) comprehensively evaluated several widely used concrete material models
including SOIL/CRUSHABLE FOAM model (*MAT_5), ISOTROPIC ELASTIC-PLASTIC
with the oriented crack model (*MAT_17), KINEMATIC HARDENING CAP model
(*MAT_25), SOIL/CONCRETE model (*MAT_78), and BRITTLE DAMAGE model
(*MAT_96). The performance of each model under different loading conditions was
examined. It was found that the CONCRETE DAMAGE model (*MAT_72) implemented in
LS-DYNA describes the concrete response satisfactorily when the sample was simulated for a
physical explosion test.
To choose the most appropriate option amongst the material models provided in the library
section of LS-DYNA, it is suggested that the concrete models should share some basic
features such as strain hardening, pressure hardening, and third stress invariant-dependent
deviatoric section (Polanco-Loria et al. 2008, Tu et al. 2009, LSTC 2016).
Fan et al. (2014) claimed that with respect to the concrete model formulations, some models in
LS-DYNA are not reliable because of highly restrictive assumptions and they ignore some
important features (*MAT_16, 25, and 111). One important reason is that the third stress
invariant dependence is excluded in these models. On the other hand, according to the
literature three concrete material models are more theoretically sound including MAT_072R3,
MAT_84, and MAT_159 (Malvar et al. 2000, Magallanes et al. 2010, Markovich et al. 2011,
Wu et al. 2012, Fan et al. 2014, Yan et al. 2018).
Wu et al. (2012) reviewed the background theory and evaluated three popular concrete models
in LS-DYNA namely, MAT_072R3, MAT_84, and MAT_159. In this paper, the fundamental
behaviour of concrete such as post-peak softening, shear dilation, confinement effect, and
strain rate enhancement was assessed through single element simulations including both
triaxial and uniaxial load paths. Fan et al. (2014) conducted numerical simulations of lowvelocity

impact

tests

on

concrete

beams

using

the

CSCM

model,

MAT_CONCRETE_DAMAGE_REL3 (*MAT_72R3), and WINFRITH (*MAT84/85)
model. Test results illustrated that the peak hammer-beam contact forces were overestimated
by the WINFRITH model, while the CSCM model and MAT_72R3 indicated good agreement
with experimental results. Wei et al. (2019) studied low-velocity impact tests on the axial
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loaded reinforced UHPC and RC columns through a drop-weight impact system. In this study,
the CONTINUOUS SURFACE CAP Material model (CSCM) was adopted and results
perfectly captured the damage patterns and impact force as well as displacement histories,
especially for the UHPC specimens failing in flexural failure. Furthermore, a single element
test was conducted including uniaxial compressive tests and uniaxial tension tests. By
comparing the stress-strain curve of measured experimental tests with the model, it was
confirmed that the CSCM model can provide an accurate uniaxial compressive strength as
well as uniaxial tensile strength of UHPC (Figure 6.5).

Figure 6.5. Uniaxial compressive strain-stress curve (Adopted from (Wei et al. 2019))
Polanco-Loria et al. (2008) applied some modifications to the concrete model named
HOLMQUIST-JOHNSON-COOK (HJC) model 1993 for concrete under impact loading
conditions. It was found that steel-reinforced concrete structures impacted by free-flying
objects are extremely difficult to be analyzed because of the complex state of stress acting
inside the material. It was also found that the damage mechanisms in RC concrete under a
multi-axial state of stress is highly reliant on the loading path. On the other hand, Mazars
(1984) showed that for concrete materials under static loading conditions, depending on the
load path, different damage mechanisms are activated, such as cracking, shearing, and
compaction. The main damage mechanisms under static loading conditions are summarized in
Figure 6.7. Polanco-Loria et al. (2008) found that the main damage mechanisms are always
present for impact and penetration problems, as is illustrated in Figure 6.6.
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Figure 6.6. Schematic description of the mechanisms activated during impact adopted from
(Polanco-Loria et al. 2008)

Figure 6.7 Main damage mechanisms adopted from (Mazars 1984)
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Attard et al. (1996) studied a wide range of strong concrete behaviour from 60 to 120 MPa
under the uniaxial and triaxial stress test. They have prepared 11 types of high-strength
concrete (HSC) samples (Cylinder 100 mm in diameter and 200 mm in height) using concrete
mixes combined from three kinds of Australian aggregate and five different kinds of cement
that included a silica fume and a binder. They have provided empirical full stress-strain
relationships for uniaxial and triaxial stress which is applicable for a wide range of concrete
strength between 10 and 120 MPa and for confining pressures between 1 and 20 MPa. The
A&S concrete model was developed accordingly and it was claimed that the model can be
used to generate a rough estimation for the stress-strain curve of any concrete with a known
unconfined compressive strength, no matter

what concrete mix or aggregate is used.

Markovich et al. (2011) reported that the A&S model is a good tool for generating
approximate “test” data with an assumed 10 % accuracy.
Thilakarathna et al. (2010) developed a nonlinear explicit numerical model to examine the
vulnerability of columns to low elevation vehicular impacts. It was analyzed that impact loads
generate a tri-axial state of stress in concrete columns. Therefore, a material model that can
create the results of the tri-axial tension tests, triaxial compression tests, and uniaxial tensile
tests must be adopted in the impact simulation process. In this study, it was found that
CONCRET_DAMAGE_REL3 can replicate this situation in a numerical environment. It was
noted that only unconfined compressive strength and density of the concrete are required for
calibration of this model. However, it was found that the mesh dependency of the fracture
toughness had to be corrected to enable simulation of tensile and shear failure conditions.
Jiang et al. (2012) examined the RC beam behaviour under impact tests using numerical
simulation by the LS-DYNA finite element code. In this study, for the concrete, the ELASTOPLASTIC

DAMAGE

GAP

(EPDC)

model

was

adopted,

named

as

MAT_SCHEWR_MURRAY_CAP model (*MAT_145). This model is based on continuum
damage mechanics in combination with plasticity theory. It was found that not only the impact
force can be well predicted by this model, but also mid-span deflection and the crack pattern
of the RC beam can be simulated. In addition, it was evaluated that the influence of the
deviatoric plane shape was not significant. Yan et al. (2018) studied the influence of falling
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rock’s shape and the impact effect on RC slabs using LS-DYNA which was then validated by
the experimental test results. It was found that the impact force and dynamic response of the
RC slabs can be significantly affected by the sphericity as well as impact angle. In this study,
the concrete material model, MAT_072R3 was used for the concrete slab with a density of
2400 kg/m3, with UCS of 48 MPa, the tensile strength of 4.06 MPa, and Poisson's ratio of
0.19. In another study conducted by Fang et al. (2014), the effect of the projectile penetration
into grouted concrete rock-rubble overlays was simulated using a 3D finite element analysis
approach using hydrocode LS-DYNA. In this study to simulate the different mechanical
properties of penetrators and targets, the material models such as the JOHNSON-COOK (JC)
model, HOLQUIST-JOHNSON-COOK (HJC) model, and the equation of state (EOS) were
employed. The CONTACT ERODING SURFACE TO SURFACE was implemented to define
the contact and friction effect between rock-rubble, grouted concrete, and projectile. The
friction coefficient was defined using Eq 6.1:

𝜇𝑐 = 𝜇𝑘 + (𝜇𝑠 − 𝜇𝑘 )𝑒 −𝐷𝐶.|𝑣𝑟𝑒𝑙|

Eq 6.1

where 𝜇𝑠 is the static friction coefficient, 𝜇𝑘 is the dynamic friction coefficient, vrel is the
relative velocity of the surfaces in contact. DC is the exponential decay coefficient.
Furthermore, the erosion technique was adopted to model the failure of rock-rubble or
concrete materials. This technique is used to avoid computational overflow. Jiang et al. (2015)
studied the process of failure of prestressed concrete members subjected to lateral impact
loads using LS-DYNA. In this study, the prestress force was modeled by temperature-induced
shrinkage in prestressing strands. The WINFRITH (MAT_84/85) model was used to simulate
the concrete structure. This model considers concrete as a linear material with decoupling
volumetric and deviatoric response. This model is capable of simulating the strain-softening of
concrete in tension with tensile crack planes perpendicular to the tensile loading direction.
Weng et al. (2017) developed a numerical analysis in relation to an energy index, strain energy
density (SED) using LS-DYNA to simulate the behaviour of the rock mass failure process
including energy accumulation and dissipation to understand rockburst mechanism. A
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BRITTLE DAMAGE material model (MAT_096) was adopted to simulate failure
characteristics of Ling long granite rock mass. It was found that the strain burst occurred at the
corner and the floor with the release of massive energy, whilst the dynamic rock spalling
happened at the lower sidewalls because of the tensile stress wave.
Zhao et al. (2017) analyzed the blasting-induced fracture propagation in coal masses using LSDYNA software. The ISOTROPIC and KINEMATIC HARDENING PLASTICITY model
was used to simulate the behaviour of coal mass under the blast loads. To define the yield
function and failure criteria of coal mass the following equations were used:

𝜎𝑦2
≤ 0 for elastic load
∅ = 𝐽2 −
= 𝑓(𝑥) = {
>
0
for plastic hardening
3

Eq 6.2

𝜎𝑐𝑑 > 𝜎𝑦
{ 𝑛+1
|𝜎𝑡 | > 𝐴𝑡 . 𝜀̇𝑚

Eq 6.3

1

where J2 is equal to 𝑆𝑖𝑗 𝑆𝑖𝑗 , that is the second deviator stress tensor and σy is the yield stress,
2

and

𝜎𝑡𝑛+1

is the tensile stress after the nth iteration. It was found that the fracture patterns can

be affected significantly by the distance from the bedding plane and the borehole. The input
material for coal was considered as follows, density 1400 kg/m3, Young’s modulus 16.5 GPa,
and the Poisson's ratio 0.44.
Jayasinghe et al. (2019) studied the extent of the damage zone and fracture patterns in rock
medium because of blasting, taking advantage of a 3D Smoothed Particle Hydrodynamics
(SPH) and finite element method model. To simulate the behaviour of the rock under the
blasting load, the RHT material model was employed. It was found that the blasting-induced
damage zones can be significantly influenced by discontinuity persistence and spatial
distribution of rock bridges. Furthermore, it was concluded that the high-stress concentration
caused the generation of additional cracks at the edges of the rock bridges. It was also found
that the RHT material model is capable of characterizing rock mass behaviour under high
strain rate loads and noted that the advanced plasticity model is useful for brittle material such
as concretes and rocks. However, the RHT model requires 38 input parameters, 18 of which
282

are determined based on experimental data. This makes this model a little bit complicated to
use. Iqbal et al. (2019) conducted a numerical as well as experimental study to investigate the
drop impact resistance as well as the resultant energy absorption capacity of prestressed
concrete plates. ABAQUS was performed using the HOLMQUIST-JOHNSON-COOK (HJC)
material model for concrete. It was found that with an improved plate stiffness, the impactforce and the support reaction were increased up to 4.5 and 38 %, respectively. The numerical
simulation results showed good agreement with experimental results with a 11.4 % and 15.4 %
difference in impact and reaction forces prediction, respectively.
He et al. (2019) experimentally and numerically studied the dynamic failure process in a rock
under blast loading using granite samples. In this study to assess the impacting and blasting
problems on rock materials, the JH model was adopted. Dynamic response and crack
propagation under loading conditions were in good agreement with the experimental results.
The JH model initially was developed to investigate the response mechanism of ceramic
material under dynamic loading, however, later on, Johnson and Holmquist improved it for
brittle materials (Holmquist et al. 2001).
Bohara et al. (2019) studied the relevance of using the three most widely used concrete models
available in LS-DYNA including the KARAGOZIAN & CASE CONCRETE (K&C) model
(*MAT_72R3), Winfrith concrete model and the Continuous Surface Cap Model (CSCM) for
simulation of concrete structure under cyclic loading when only limited material properties are
available. It was found that there is no need to input all 49 parameters for the K&C model.
This model can automatically generate all the parameters based on the provided density and
compressive strength of concrete. Similarly, CSCM (*MAT_159) can generate the required
parameters based on the unconfined compressive strength of concrete. On the other hand, the
Winfrith material model (*MAT_84) requires more parameters when compared with the K&C
model. The Winfrith model input includes mass density, initial tangent modulus, Poisson’s
ratio, uniaxial compressive strength, uniaxial tensile strength, and fracture energy. These
parameters can be found experimentally or by using theoretical calculations. In this study,
only the CSCM model showed the softening with a good amount of accuracy and
consequently predicted reliable force-displacement behaviour and damage pattern. CSCM,
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therefore, was recommended in this paper when only the compressive strength of the concrete
is known.
Jiang et al. (2015) presented an effective calibration method to examine the material properties
for the Continuous Surface Cap Model (CSCM). It was found that the CSCM model is only
applicable for concrete with compressive strength ranging from 20 to 48 MPa. It was
suggested that for concrete with a compressive strength out of this rage, the
MAT_SCHWER_MURRAY_CAP_MODEL (*MAT_145) can be utilized. However, the
inbuilt generation feature in this material does not exist. However, Murray (2007) in his user
manual claimed that the CSCM model is suitable for any concrete with a compressive strength
within a range of 28 to 58 MPa.
Steel reinforcement
Thilakarathna et al. (2010) developed a nonlinear explicit numerical model using LS-DYNA
to

examine

the

vulnerability

of

columns

to

low

elevation

vehicular

impacts.

*AUTOMATIC_SURFACE_TO_SURFACE contact option was used to avoid unrealistic
localised stress and strain occurrences at the contact interface. The slave and the master were
described in a way that the nodes of the softer body (slave) will be penetrated by the harder
body (master). The friction coefficients were assumed to be dependent on the relative velocity
of the column (concrete) and rigid body (steel) that were in contact. Static and dynamic
coefficients were selected as 0.6 and 0.5, respectively. Longitudinal steel bars and hoops were
modelled as elastic perfectly plastic materials by using the *MAT_PLASTIC_KINEMATIC
model. The strain rate effect on the steel bar was simulated using the Coper-Symonds model
by taking C and P as 40 and 5, respectively. Material properties used for the steel
reinforcement included a density a 7800 kg/m3, Young’s modulus 210 GPa, Poisson's ration
0.3, yield stress 548 MPa, and Tangent modulus 2 GPa.
Jiang et al. (2012) examined the RC beam behaviour under impact testing using numerical
simulation by LS-DYNA finite element code. The *ELASTO-PLASTIC material model was
employed for the reinforcement of the concrete beam. Material Cowper-Symonds (CS) model
has a linear isotropic hardening and strain rate’s effect. It was found that the numerical
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simulation was in good agreement with the experimental results. Chung et al. (2014) proposed
a numerical method to analyze the structural behaviour of bridge columns under various
impact loading conditions. In this study, a cast-in-place RC pier was selected for impact
simulation. For the steel part, *MAT_PIECEWISE_LINEAR_PLASTICITY was adopted.
Cowper-Symonds strain rate model was adopted with considering parameters of 40 and 5 for
C and P, respectively. Jiang et al. (2015) studied the process of failure of prestressed concrete
members subjected to lateral impact loads using LS-DYNA. In this study, the prestress force
was modeled by temperature-induced shrinkage in prestressing strands. The steel
reinforcement was modelled by the *ELASTO-PLASTIC material model with the linear
isotropic hardening and strain rate effect. It was found that reinforcement behaviour can be
simulated

with

this

model.

The

prestressing

force

was

modelled

through

*MAT_ADD_THERMAL_EXPANSION. It was concluded that the proposed model can be
used to predict the behaviour of axially loaded columns due to a car or vessel crash. Yan et al.
(2018) studied the influence of falling rock’s shape on the impact effect of RC slabs using LSDYNA which was then validated by the experimental test results. It was found that the impact
force and dynamic response of the RC slabs can be significantly affected by the sphericity as
well as impact angle. In this study, the material model, MAT_PLASTIC_KINEMATIC
(*MAT_003) was employed for the rebars. This model is for anisotropic and kinematic
hardening plasticity material with the attention of strain rate effects. To include the strain rate
effect on yield and ultimate stress of rebar, the Cowper and Symonds model was used. To
examine the influence of the impact of the projectile on the RC slab, two contact algorithms
were

employed,

including

*CONTACT_ERODING_SURFACE_TO_SURFACE

and

*CONTACT_AUTOMATIC_ NODES_TO_SURFACE. The former was adopted to simulate
the contact between the RC slab and the projectile as it was capable of automatically
generating slave and master surfaces, whilst the latter was used to simulate the interaction
between the rebar and the projectile. In this contact definition, the rebar nodes were defined as
slave nodes. The material for the rebars was assigned the following properties; density was set
to 7800 kg/m3, young’s modulus used 210 GPa, tangent modulus used 2.1 GPa, yield strength
of 560 MPa, and Poisson's ratio of 0.19.
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Iqbal et al. (2019) conducted a numerical as well as experimental study to investigate the drop
impact resistance as well as the resultant energy absorption capacity of prestressed concrete
plates. ABAQUS was performed using the METAL-PLASTICITY material model along with
ISOTROPIC-LINEAR-ELASTICITY for reinforcement and prestressing wires, respectively.
The results of this study were discussed in the previous section 6.5.1.
Zhao et al. (2017) investigated the shear failure behaviours of large-scale RC beams under
impact loading. A 3D nonlinear finite element analysis was undertaken using LS-DYNA.
*CONTACT_ERODING_SINGLE_SURFACE was chosen to model the contact surface
among the drop-weight, steel plate at the loading point, and RC beams. The elastoplastic
damage model (CSCM) was adopted to simulate concrete material considering the strainsoftening and a reduction of elasticity modulus. The strain rate effects for concrete were
defined according to the default parameters for MAT 159. Longitudinal and transverse
reinforcement

was

modeled

by

*MAT_PLASTIC_KINEMATIC

and

*MAT_PIECEWISE_LINEAR models. The models were chosen based on the comparison
made between the experimental and numerical results. The strain rate effects for steel bars
were defined by Cowper-Symonds coefficients (C= 40.4 and P= 5). Mass density 7800 kg/m3,
Young’s modulus 2x105 MPa, Poisson's ratio 0.27, yield stress 300 MPa, and failure strain
0.15 were considered. It was found that the development of inclined cracks could be inhibited
by enhancing the transverse reinforcement ratio. It was also concluded that RC beams under
impact loading conditions tend to crack at the loading point. All in all, the simulation results
were in good agreement with the experimental results.

Material failure criteria
In this section, a brief explanation of the material models used in the FEM analysis will be
given. The *CONTINUOUS_SURFACE_CAP_Model (CSCM, *MAT_159) was used for
concrete

and

grout

and

the

*MAT_PIECEWISE_LINEAR_PLASTICITY

model

(*MAT_024) was used for rock bolts. The *PLASTIC_KINEMATIC model (*MAT_003)
was used to simulate the steel confinement wrapped around the concrete blocks. *RIGID
model (*MAT_020) was used to simulate the drop hammer and the *ELASTIC model
(*MAT_001) was used to simulate the load cell as well as the impact plate, respectively.
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Overview of the CSCM model (*MAT_159)
According to Murray (2007) and LSTC (2016), the CONTINUOUS SURFACE CAP MODEL
(CSCM) is a smooth or continuous surface cap model and it is available for solid elements in
LS-DYNA. In this material model, the users have the option of inputting their own material
properties or requesting default material properties for normal strength concrete. This model
includes initialization routines that provide the user with the default input parameters for
normal strength concrete. These initialization routines set the required strengths, stiffness,
hardening, softening, and rate effects parameters as a function of concrete strength, maximum
aggregate size, and the units.
The CSCM model (*MAT_159) was originally proposed by Murray (2007). It is a
development version of the concrete model that the developer has successfully employed and
progressively enhanced since 1990 on defense contracts to analyze the dynamic loading of RC
structures. This model has been implemented into the dynamic FE code, LS-DYNA,
beginning with version 971. This model is in keyword format as *MAT_CSCM for
CONTINUOUS_SURFACE_CAP_MODEL. Murray (2007) developed this material model to
predict the dynamic behaviour, both of elastic deformation and plastic deformation or failure
of concrete material which is used in roadside safety structures involved in a collision with a
motor vehicle. The user manual for LS-DYNA concrete material model 159 and Evaluation of
LS-DYNA concrete material model 159 (FHWA-HRT-05-063) are the two documents that
completely document this material model.
Yield surface
The CSCM model consists of a smooth failure surface and uses damage mechanics to simulate
strain softening and modulus degradation in both tensile and compression regimes as well as
viscoelasticity

for strain

rate effects. It is

a three-invariant extension of

the

*MAT_GEOLOGIC_CAP_Model (MAT_025). This model considers plastic flow and
damage accumulations as a separate process based on the effective stress concept and the
hypothesis of strain equivalence in continuum damage mechanics (CDM). The assumption for
this model is that the shear stresses control the plastic flow, which may cause permanent
deformation without causing degradation of elastic moduli. And the damage is assumed to
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result in the progressive degradation of the moduli. To model the plastic volume change, an
elliptical cap surface was added to the model. This feature, besides concrete, is capable of
modelling geomaterials including soils and rocks (Murray 2007).
The model is a combination of a yield surface of a shear failure surface Ff (l1) and a cap
surface Fc (l1, κ), with a continuous and smooth connection between the two as shown in
Figure 6.8.

Figure 6.8. Graph of a multiplicative formulation of the shear and cap surfaces (adapted from
(Murray 2007))
The yield surface can be mathematically described by a combination of two functions as
follows:

𝑓(𝐼1 , 𝐽2 , 𝐽3 , 𝜅 ) = 𝐽2 − 𝑅2 (𝐼1 , 𝐽3 )𝐹𝑓 2 (𝐼1 )𝐹𝑐 (𝐼1 , 𝜅)

Eq 6.4

Where I1 denotes the first invariant of stress tensor defines as I1= σij, J2 is the second invariant
of deviator stress tensor defined as J2= SijSij/2 and the deviator stress tensor Sij can be linked to
the stress tensor σij by Sij= σij - σij Sij/3, J3= Sij Sjk Ski/3 is the third invariant of the deviator
stress tensor, and κ is cap hardening parameter, R (I1, J3) is the Rubin scaling function.
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Shear failure along the compression meridian, in the CSCM model is defined as an
exponential as below:

𝐹𝑓 (𝐼1 ) = 𝛼 − 𝛾 exp(−𝛽𝐼1 ) + 𝛳𝐼1

Eq 6.5

Where the material parameters α, β, γ, and ϴ are evaluated by fitting experimental peak stress
√𝐽2 versus I1 from TXC (Triaxial compression) tests conducted in plain concrete cylinders.
The shear curve for stress states other than TXC is scaled by the Rubin scaling function R (I1,
J3).
The strength of the concrete is simulated by a combination of the cap and shear surfaces in the
low to high confining pressure regimes.
The isotropic hardening cap is a two-part function that is either unity or ellipse as shown in
Figure 6.9 and can be written as Eq 6.6.

Figure 6.9. The non-dimensional function used for cap portion adapted from (Jiang et al.
2015)
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[𝐼1 − 𝐿(𝜅)]2
𝐼1 > 𝜅
𝐹𝑐 (𝐼1 , 𝜅) = { 1 − [𝑋(𝜅) − 𝐿(𝜅)]2 ,
1,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Eq 6.6

Once the stress state is in the tensile or low confining pressure region, the cap function is
unity. However, when the stress state is in low to high confining pressure regimes, the cap
function is an ellipse, meaning the yield stress is dependent on both the cap and shear surface
formulations.
Damage formulation
Concrete shows strength reduction in the tensile and low-to-moderate compressive regimes. In
this model, softening or strength reduction is modelled via a damage formulation. Murray
(2007) stated that without the damage formulation, the cap model predicts perfectly plastic
behaviour for experimental simulation such as direct pull, unconfined compression, triaxial
compression, and triaxial extension, which is not realistic behaviour for concrete at lower
confinement and in tension. The damage formulation also models strain softening and
modulus reduction as shown in Figure 6.10. The damage stress function can be written
according to the effective stress concept in CDM:

Eq 6.7

𝜎 = (1 − 𝑑)𝜎̅,

where the scalar damage variable d (0 ≤ 𝑑 ≤ 1) grows from zero (undamaged material) to
unity (completely damaged material with effective area reduced to zero). (1- d) is a reduction
factor related to the amount of damage at a material point. The accumulation of damage is
based on two distinct formulations, which are known as brittle damage and ductile damage.
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Figure 6.10. Strain softening and modulus reduction simulation using CSCM material model
in LS-DYNA adapted from (Murray 2007)
When the pressure is tensile and not compressive, the brittle damage accumulates and it is
dependent on maximum principal strain εmax, as shown in Eq 6.8:

Eq 6.8

𝜏𝑏 = √𝐸𝜀𝑚𝑎𝑥 2

𝜏𝑏 is an energy type term and reliant on the accumulation of total strain via εmax. Ductile
damage on the other hand accumulates when the pressure is compressive and it depends on the
total strain components, εij, as shown in Eq 6.9:

1
𝜏𝑏 = √ 𝜎𝑖𝑗 𝜀𝑖𝑗
2

Eq 6.9
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Here 𝜎𝑖𝑗 is the elasto-plastic stress component with kinematic hardening which is calculated
before the application of damage and rate effects.
The accumulation of damage leads to an increase in the damage parameter known as d from an
initial value of zero towards a maximum value of 1.0. According to the following functions Eq
6.10 and Eq 6.11, damage accumulates with τ.

Brittle damage:

𝑑(𝜏𝑏 ) =

0.999

Ductile damage:

𝑑(𝜏𝑏 ) =

𝑑𝑚𝑎𝑥

𝐷

𝐷

1+𝐷

[

1+𝐷 𝑒𝑥𝑝−𝐶(𝜏𝑏 −𝑟0𝑏 )

1+𝐵

[

1+𝐵 𝑒𝑥𝑝−𝐴(𝜏𝑑 −𝑟0𝑑 )

− 1]

Eq 6.10

− 1]

Eq 6.11

In the above equation parameters, A, B, C, and D set the shape of the softening curve plotted
as stress-strain or stress-displacement. The parameter dmax is the maximum damage level that
can be reached (𝑑𝑚𝑎𝑥 = (

√3𝐽2
𝐽1

1.5

) ). The (

√3𝐽2
𝐽1

) is nondimensional and it is a stress invariant

ratio that is equal to 1.0 in unconfined compression and less than 1.0 for stress states with
confinement, as shown in Figure 6.11. The maximum damage level also varies with rate
effects (𝑑𝑚𝑎𝑥 = 𝑑𝑚𝑎𝑥 ∗ 𝑚𝑎𝑥 (1.0, (1 +

𝐸𝜀̇ 𝜂 1.5
𝑟 𝑠 √𝐸

) ).
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Figure 6.11. Schematic representation of four stress paths and their stress invariant ratio
adapted from (Murray 2007)
Accordingly, the UCS test was performed on 50 mm cubical grout samples with water: cement
ratio of 0.4 as well as 150 x 300 mm2 cylindrical concrete samples to have an input for the
CSCM_CONCRETE card. The results are shown in Figure 6.12. Compressive strength input
for grout was 65 MPa as it responded better in the model. The compressive strength of 40 MPa
was chosen for the concrete with a 20 mm aggregate size.

Figure 6.12. UCS test results for 0.4 water: cement ratio of Stratabinder HS grout
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Overview of the Piecewise Linear Plasticity Model (MAT_024)
The PIECEWISE_LINEAR_PLASTICITY (*MAT_024) is an elasto-plastic material with an
arbitrary stress-strain curve. In this model, failure can be defined in two different ways
including minimum step size or a plastic strain. This model is suitable and recommended by
LSTC (2016) for solid elements. If the elastic strains of the material are finite before yielding,
the material model treats the elastic strains using a hyper-elastic formulation. In this model the
log interpolation keyword option is available, allowing the model to interpolate the strain rates
in a table defined in LCSS with logarithmic interpolation. This model requires 28 parameters
among which 6 parameters including density, young’s modulus, Poisson's ratio, effective
plastic true strain at failure, initial yield stress, and tangent modulus are required to be able to
simulate the model appropriately. In the constitutive equations of this material model, the
plasticity treatment includes strain rate and yield function which are defined as follows:

𝜎𝑦 2
1
∅ = 𝑆𝑖𝑗 𝑆𝑖𝑗 −
≤0
2
3

Eq 6.12

Where:

𝜎𝑦 = 𝜆[𝜎0 + 𝑓ℎ (𝜀𝑒𝑓𝑓 𝑝 )]

Eq 6.13

The hardening function 𝑓ℎ (𝜀𝑒𝑓𝑓 𝑝 ) can be specified in tabular form, otherwise, linear
hardening is presumed as 𝑓ℎ (𝜀𝑒𝑓𝑓 𝑝 ) = 𝐸𝑝 𝜀𝑒𝑓𝑓 𝑝 . The effective plastic strain is defined as
1

𝑝

𝜀𝑒𝑓𝑓 =

𝑡 2
𝑝
𝑝 2
∫0 (3 𝜀̇𝑖𝑗 𝜀̇𝑖𝑗 ) . 𝑑𝑡

and σ0 denotes the initial yield strength. 𝜀̇𝑖𝑗 𝑝 is the plastic strain

rates which is a difference found between the total and elastic strain rates. The parameter λ
accounts for strain rate effects. There are three options, the user can define the strain rate
effect through constitutive equations of this material. These three options are as follows:
1. Strain rate may be accounted for using the Cowper-Symonds model which scales the
yield stress with the factor shown in Eq 6.14, in this case, strain parameters C and P
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must be specified.
1

Eq 6.14

𝜀̇ 𝑃
λ=1+( )
𝐶
2. A load curve that defines λ versus strain rate can be directly introduced.

3. Different stress versus strain curves can be provided for different strain rates.
Intermediate values are found by interpolating between curves.
Stress-strain behaviour may be controlled by a bilinear stress-strain curve by defining the
tangent modulus, shown as ETAN in the card. However, LSTC (2016) recommends
calculating effective stress as a function of effective plastic strain. Figure 6.13 illustrates a
curve of effective stress as a function of effective plastic strain.

Figure 6.13. Effective stress as a function of the plastic strain curve for MAT_024 adopted
from (LSTC 2016)
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Accordingly, the true stress vs true strain relationship was calculated for this model as follows:

True strain = ln (1 + engineering strain)

Eq 6.15

True stress = (engineering stress) ∗ exp (true strain)

Eq 6.16

It is recommended to input a smoothened stress-strain curve utilizing a minimal number of
points (LS-DYNA Support). The reason is that the experimental results always include some
degree of error and tend to be somewhat noisy and erratic, which may create confusion with
the model. Therefore, the smoother the stress-strain curve, the better the outcomes.
Accordingly, the experimental results were refined using Web Plot Digitizer, and the results
are shown in Figure 6.14.

Figure 6.14. Refined tensile test results using Web plot digitizer
It is stated that the plastic strain in the defining curve should be the residual true strain after
unloading elastically and true stress should be used directly for stress values. Therefore, as an
input, the curve shown in Figure 6.15 is defined as an input for the MAT24 model.
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Figure 6.15. True stress versus plastic strain curve as an input in LS-DYNA
To summarize, progressive damage and failure are defined as curve shown in Figure 6.15, in
which there are three stages including:
➢ An elastic stage which allows for the material yield at point A (σy = 306.2 MPa),
➢ Plastic stage, damage initiation occurs between points A and B, and
➢ Damage evolution B, element removal at point C.

Results and discussions
A thorough investigation will be conducted in this section to verify the performance of the 3D
FE model using the experimental results. The results in this section will include the impact
load-time histories, dynamic shear loads, displacements, the dynamic shear stress along the
rock bolt, energy absorption by each model part, the effect of friction, and the inelastic
deformation of the rock bolt. Every single component will be thoroughly analysed based on
the energy absorption capability with comparison to the experimental results. The investigated
parameters for this model are shown in Table 6.1:
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Table 6.1. The investigated parameters
Concrete
strength
(MPa)
40

Grout
strength
(MPa)
65

Rock bolt
diameter
(mm)
18

Borehole
diameter
(mm)
24

Input
velocity
(m/s)
6.3

Mechanical response of MK-I DSB in LS-DYNA
A 592 kg weight hammer was set to be dropped onto the middle section of MK-I DSB to
create a dynamic double shear load in the system. In this regard, an initial impact velocity was
set by choosing the drop hammer elements, measuring 6.3 m/s equal to 11.6 kJ of potential
energy. Once the hammer dropped on the middle section, the whole section including the
impactor, and the middle section including the rock bolt began to accelerate downward. The
mechanical response of the whole system was found to be the same as what was expected
from the laboratory experiments. In the model, once the impactor hits the box, the velocity of
the impactor decreases whilst the velocity of the specimen increases. This is demonstrated in
Figure 6.16. As is clear from the graph, the velocity of the impactor at the moment of impact
starts decreasing whilst the velocity of the concrete and rock bolt is increasing for a very short
time and then dropping in a sinusoidal fashion. The negative velocity represents the bouncing
of the system.

Figure 6.16. The velocity of the system
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Figure 6.17 illustrates the energy transformation from the kinetic energy of the impactor to the
internal energy of the MK-I box predicted by the LS-DYNA. As can be seen, once the impact
occurred, the kinetic energy starts to decrease whilst the internal energy of the system begins
to increase. The duration of this transformation of energy is 10 ms. Meaning that the kinetic
energy of the impactor decreased to zero in 10 ms whilst the internal energy of the system
increased significantly and reached 8.4 kJ. The hourglass energy is also presented in Figure
6.17, where it is calculated to be less than 7 % of the total energy. It was found that the
amount of energy absorbed by the system is not the same as the total input energy, meaning
some amount of energy was dissipated during the process of dynamic double shearing. Total
energy was determined to be 11.6 kJ and only 8.4 kJ was absorbed by the system.

Figure 6.17. Input energy, kinetic energy versus absorbed energy, and hourglass energy in the
system
To understand in detail what and how much energy is dissipated or how much energy is
absorbed by the system a thorough investigation will be conducted on individual components
of the system including the rock bolt, grout, concrete blocks, and steel casing confinement in
the following.
Table 6.2 represents the calculated velocity and energy absorption of the MK-I apparatus in
experimental and numerical tests.

299

Table 6.2. Velocity and energy absorption by MK-I in numerical and experimental results
Experimental results

Numerical results

Test No.

Velocity
(m/s)

Absorbed
energy
(kJ)

Absorbed
energy /
total input
energy
(%)

2

4.38

7.1

68

3

5.23

8.1

72

Part

MK-I
4

4.75

6.6

60

Average

4.78

7.3

67%

Impact plate
Mid steel
confinement
Mid concrete
Grout
Rock bolt
Side steel
confinement
Side concrete
Total

Velocity
(m/s)

Absorbed
energy
(kJ)

Part
energy/total
absorbed
energy (%)

5.75

0.15

1.3

6.35

2.0

17

6.20
3.2
3.2

1.5
0.4
3.0

13
3.5
26

0

0.3

2.6

0
4.94

1.05
8.4

9
72%

Looking at the numerical results, energy as well as the velocity of each element measured and
recorded in Table 6.2. The velocity of concrete and steel confinement is quite the same and
measured as 6.20 and 6.35 m/s, respectively. On the other hand, the velocity of rock bolt and
grout is recorded the same as 3.2 m/s. However, the amount of energy that the rock bolt can
absorb in comparison with grout is significantly different. The contribution of the rock bolt in
absorbing energy is 26 % of the internal energy in the system, whilst grout only absorbed 3.5
% of the internal energy. It can be understood that the rock bolt plays a pivotal role in the
system, and it can simply define the stiffness of the system. The role of grout, however in the
dynamic double shear testing is not as important as it is in static loading conditions. In low
strain loading conditions, grout acts as a strong bonding element between concrete and the
rock bolt. However, since grout has a high compressive strength of almost 65 MPa for this
study, it can absorb less energy, because of its brittle nature. Therefore, it is understandable
that as soon as energy travels through the material, grout will smash quickly. Steel
confinement and the concrete block in the middle section, on the other hand, absorb a great
deal of the energy from the system by 20 % and 13 %, respectively.
Comparing the results from an experiment with a numerical model based on energy absorption
can confirm that the mechanical response of the MK-I DSB in numerical results is in
agreement with the experimental results. In both situations, almost 70 % of the total input
energy is absorbed by the system. Furthermore, the velocity of the system is in agreement with
300

the calculated velocity of the system driven from experiments. It can be observed that the
average calculated velocity from the tests of the MK-I is 4.78 m/s and the velocity of the
system in the numerical model is measured as 4.94 m/s. This proves that the system’s response
in the numerical model is very similar to the response of the physical system.
Figure 6.18 and Figure 6.19 demonstrate the impact load versus time histories of the double
shear test in the experiment and numerical simulation.

Figure 6.18. Impact load versus time in the experimental results

Figure 6.19. Impact load versus time in numerical simulation
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It is clear that the impact load versus time from numerical modelling is in agreement with the
experimental results. The impact load versus time has three-stage of loading. The first stage is
the inertia effect which is quite high when compared with the experiment. The second stage is
when the model is moving downward along with the impactor which creates a low-frequency
oscillation in the load-time curve. Previously in Chapter 5, this stage was interpreted as the
interaction force between the tup and the specimen, which results in the energy being stored
elastically and plastically in the rock bolt. The last stage of the graph is when failure occurs.
Nevertheless, the impact load in the numerical simulation is almost double that of the
experiment. This could be due to the usage of a thick rubber pad between the impactor and
impact plate in real experiments. The rubber apparently could reduce the impact load by
reducing the effect of inertial force on the moment of impact. However, a great deal of effort
has been put in to include a rubber pad in the model to examine the response of the system.
However, designing a 3 to 5 mm thickness of rubber pad as a hyper-elastic material in such a
huge energy impact was concluded to be impossible due to the inability of the software to
simulate the situation. Therefore, the effect of the rubber pad between the impactor and impact
plate was neglected and the impact was performed directly on the steel enclosure. Still, by
excluding the rubber, the model was recognized as a reliable tool to be utilized for the
parametric study further discussed in Chapter 7.
The development of energy in the steel confinement
The role of steel confinement is to prevent concrete being damaged during the impact process.
Once the impactor hit the impact plate a huge amount of energy transferred through the impact
plate to the steel casing which creates a local stress concentration beneath the impact plate and
then some part of the energy dissipated into the steel casing and the rest travelled through the
concrete as well as rock bolt at shear joints. Stress development in the streel casing
confinement is shown in Figure 6.20 and Figure 6.21 at the moment of impact. It is shown that
an amount of energy could be dissipated due to concrete damage on the bottom of the concrete
as is clear in Figure 6.21.
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Figure 6.20. General view of stress development in MK-I at the moment of impact t= 0.6 ms

Figure 6.21. Energy propagation in steel confinement as well as rock bolt and obvious crack in
the concrete in half model at t=0.6 ms
The amount of stress developed in the steel confinement is shown in Figure 6.22. As is
demonstrated, the majority of the stress developed in the middle section, and a very small
portion of the side confinement was affected by the impact force. Due to the impact load,
some parts of the material may reach its ultimate tensile load which causes stress
concentration. One reason is because of the shortage of time, the critical stress point, which is
the point of the impact, may not get enough time to plastically deform to mitigate the effect of
the stress concentration. Local stress concentration can also be observed at the edge of the
confinement.
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Figure 6.22. (a) Von Mises stress developed in steel confinement at t=0.6 ms, (b) Internal
energy, kinetic energy, and effective stress (V-M) build up in the steel confinement at t=0.6
ms
From Figure 6.22, at the time of impact t=0.6 ms, huge stress is developed in the steel casing
until it reaches its peak at point A, at t=0.9 ms, shown in the graph in Figure 6.22b. Until this
time it is clear from the graph, no energy was being absorbed by the system, which clearly
illustrates the effect of the inertial force shown in the impact-time curve Figure 6.18. After this
point the system starts moving downward which creates energy absorption in the steel casing.
The amount of energy absorbed by the steel confinement is recorded as 2.3 kJ and it is almost
20 % of the energy absorbed by the system. The energy absorption capacity of the
confinement could not be monitored in the real experiment and now it is clear that a massive
portion of the energy was absorbed by the steel casing.
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The development of energy in concrete
During shearing deformation, the middle section of the MK-I traveled down increasing the
shear load. Figure 6.23 represents the displacement of the middle part subjected to a dynamic
shear load.

Figure 6.23. Concrete displacement versus time
During the movement of the middle part, reaction forces are generated and increased in the
vicinity of the shear faces in a very short time. These forces are produced during the contact
interaction of the rock bolt and the concrete. The strains induced in the shear zone due to the
influence of the rock bolt are presented in Figure 6.24.
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Figure 6.24. Local damage concentration in the shear face of the middle concrete at t=8 ms
As is obvious strains induced in the vicinity of the shear are exponentially higher than in the
other area within the concrete. As can be seen, strain concentration in the shear zone does not
lead to complete failure or damage in the vicinity of the shear joint, even though some part of
the joint smashed as the damage index reached to almost 0.95. Therefore, it is expected that
concrete partially crushes in such a zone. Figure 6.25 shows the effective plastic strain versus
time for concrete blocks, grout, and rock bolt. As can be seen from the graph, in a very low
step of loading at t=0.3 ms, concrete begins to damage first. This happens even before the rock
bolt starts absorbing energy and deforming. Grout on the other hand starts deforming as soon
as the middle section starts traveling down.
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Figure 6.25. Effective plastic strain developed in Concrete, grout, and rock bolt
Furthermore, as the graph shows any further dynamic shear load does not create any fracture
or damage in the concrete. In the graph, for effective plastic strain, zero indicates no damage
and 1.0 represents complete damage in the material. After the first damage, the concrete
remained partially undamaged until the failure of the rock bolt. Therefore, a concrete medium
with 40 MPa compressive strength is capable of preserving the rock bolt during shearing to
undergo shear rather than tension.
The development of energy along the 18 mm Jennmar rock bolt
When a bar is loaded laterally, the bar is deformed into a curve, and the resulting stresses and
strains are directly related to the deflected curve, which is affected by the surrounding
materials (Jalalifar 2006). Figure 6.26 demonstrates the stress development in the rock bolt at
the joint faces at the point of impact. Once the load is exerted on the specimen at t=0.6 ms, a
part of the energy is immediately transferred to the rock bolt at the joint faces.
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Figure 6.26. Stress development in the rock bolt at t=0.6 ms
Figure 6.27 shows the axial stress development along the rock bolt where the rock bolt is
under tension on the top and compression on the bottom side of the specimen, whilst in the
center it is under compression on the top and tension on the bottom. The figure illustrates a
half of the model.

Figure 6.27. General view of axial stress development in half of the rock bolt at t=0.6 ms
As can be seen from the graph, the developed stress at the time of impact on the rock bolt at
t=0.6 ms is higher than the yield strength of the rock bolt. The yield stress of the rock bolt was
measured as 306 MPa and the maximum stress imposed on the rock bolt in the tension and
compression zone is 318 and -403 MPa, respectively. The tension was shown by positive
values and compression was marked by negative values. The high amount of stress at the time
of impact can be interpreted in a way that the rock bolt starts deforming plastically
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immediately after the impact. This prevents the development of axial stress in the rock bolt as
a great amount of energy in the form of concentrated energy develops in the vicinity of the
shear joints, as is shown in Figure 6.28 and Figure 6.29.

Figure 6.28. Effective stress (V-M) in the bolt at the shear joint at t=0.6 ms

Figure 6.29. Effective stress (V-M) in the bolt at the shear joint at t=0.9 ms
The concentrated energy in the vicinity of the joint gradually increases, starting with plastic
deformation and ends with a rupture in 10 ms. From the theory, it is known that shear stress in
the vicinity of the joints is the highest and reduces from the shear face towards the bolt end.
On the other hand, the bending moment (hinge point) in the shear face is zero. The maximum
effective Von Mises stress (V-M) is 872 MPa which can create a 224 kN of shear load in 8 ms
with a shear displacement of 44 mm, is shown in Figure 6.30, Figure 6.31, and Figure 6.32.
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Figure 6.30. Maximum effective stress (V-M) developed in the rock bolt at t=8 ms with a
displacement scale factor of 1.0 and (b) Maximum effective stress (V-M) developed in the
rock body at t=8 ms with a displacement scale factor of 2.0

Figure 6.31. Shear load built up during the impact in 18 mm rock bolt

310

Figure 6.32. Displacement of rock bolt versus time
The shear load was developed at the shear zones under the initial impact velocity of 6.3 m/s.
The built-up shear force can rupture the 18 mm Jennmar ribbed rock bolt as the load exceeds
its ultimate tensile strength. Table 6.3 shows the numerical and experimental results under
impact loading conditions. The average shear load from four experimental results was
measured as 223 kN and the deflection of the bolt was determined as 42 mm. From the
numerical results, the peak shear load was measured as 224 kN with a shear displacement of
44 mm.
Table 6.3. Numerical and experimental results for fully grouted 18 mm rock bolt

Test
No
1
2
3
4

Sample properties
Borehole Concrete
strength
∅
(MPa)
(mm)
24
40
24
40
24
40
24
40
Average

Experimental results
Static
load
(kN)
324
324
324
342

Numerical results

Dynamic
load (kN)

Displacement
(mm)

Dynamic
load (kN)

Displacement
(mm)

230
227
236
200
223

40
42
45
42

224
224
224
224
224

44
44
44
44
44

As can be seen, both the shear load and the deformation captured from the numerical results
are in relatively good agreement with the experimental results. Therefore, it is safe to say that
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the numerical model can predict the shear load as well as shear displacement under impact
loading conditions.
Friction effects in the MK-I DSB
Calculation of the frictional energy was undertaken through activation of FRCENG to 1.0 in
the menu of control_contact. By activating this option, the frictional energy between all
elements that have been defined by the Contact algorithms is calculated. The results are
recorded by activating an option SLEOUT. On the other hand, the total sliding energy is also
calculated through the GLSTAT command and is represented in Figure 6.33.

Figure 6.33. Breakdown of energy in the system

As it can be seen from the graph, 2.35 kJ of energy was wasted as sliding energy to overcome
the friction between each component, meaning that 20 % of the total energy is wasted through
friction between each part. These contacts are between confinement and concrete, grout and
concrete, grout and rock bolt, middle confinement and side confinement, and middle concrete
to side concrete. Figure 6.34 shows the energy absorption between each part due to friction.
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Figure 6.34. Dissipation of energy to overcome the friction between each element

As can be seen from the graph, 80 % of the energy is wasted through overcoming the friction
between the shear faces, which is sliding between mid and side confinement as well as
concrete. The frictional energy in the shear joint was recorded as 1.9 kJ which is almost 20 %
of the input energy.
Figure 6.35 shows the ratio of energy dissipated due to the erosion effect. Eroded energy is the
energy associated with deleted elements (internal energy) and deleted nodes (kinetic energy)
due to a negative influence on the calculation. Approximately 8 % of the energy dissipates in
the system due to erosion. This 8 % of energy loss was previously interpreted as energy loss
due to vibration, heat, noise, and crack in concrete blocks, without quantifying this amount.
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Figure 6.35. Energy dissipation in the system due to erosion

Summary
Dynamic response of conventional 18 mm ribbed rock bolts was investigated numerically
using LS-DYNA under impact loading conditions. The mechanical response of the MK-I DSB
under high-velocity impact loads was assessed using 40 MPa concrete blocks. It was found
that the model could predict the dynamic shear load as well as dynamic shear displacement of
the 18 mm rock bolts under impact load. The following conclusions can be drawn:
➢ The impact load in the numerical model was almost double the experimental results.
This was interpreted as the effect of using a 3 mm rubber pad between the impactor
and impact plate during the impact experiments.
➢ It was found that the contribution of rock bolts in absorbing energy was the highest
amongst all of the components of the specimen, absorbing 26 % of the internal energy
before the steel casing confinement and the concrete absorbed 20 % and 13 %,
respectively. Rock bolts can define the stiffness of the MK-I DSB in dynamic double
shear testing.
➢ It was found that 70 % of the total input energy will be absorbed by the MK-I DS
apparatus. This percentage was in good agreement with the experimental results.
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➢ The role of steel confinement was found to be important as it absorbs 20 % of the
internal energy. Steel confinement is an important medium to transfer energy from the
impactor to the concrete and rock bolt. High dynamic stresses were observed in the
impact zone and a very small portion of the stress was developed in the side part of the
sample.
➢ During the movement of the middle part, reaction forces are generated in the concrete
blocks and increased in the vicinity of the shear faces in a very short period. Concrete
was damaged at a very early stage, and this occurred before even the rock bolt starts
absorbing energy and deforming. It was found that with increasing the load after the
very first damage in the concrete, no further damage was created until the failure of the
rock bolt. Therefore, a concrete medium with 40 MPa compressive strength is capable
of preserving the rock bolt during shearing to undergo shear rather than tension.
➢ It was found that the rock bolt starts deforming plastically immediately after the
impact. Consequently, this prevented the development of axial stresses in the rock bolt
as a great amount of energy in the form of concentrated energy developed in the
vicinity of the shear joints. The shear load of the rock bolt was calculated as 224 kN
with a shear displacement of 44 mm, which is in good agreement with the
experimental results.
➢ It was found that only 20 % of the total input energy went to overcoming the friction
between the joints, which was the friction between steel confinement and concrete
faces. Furthermore, only 8 % of the energy was wasted due to the effect of erosion
activated in the numerical model.
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Discussion on the shear behaviour of tendons in different types of
test methods
7.1 Introduction
Currently, two methods can be used to examine the shear performance of cable bolts in the
laboratory, the single shear test method, and the double shear test method. It has been proven
(Stillborg 1993, Aziz et al. 2003, Grasselli 2005, Jalalifar et al. 2006, British Standard
(BS7861- Part 2) 2009, Craig et al. 2010, Jalalifar et al. 2010, Aziz et al. 2014, Aziz et al.
2015, McKenzie et al. 2015, Aziz et al. 2015b, Aziz et al. 2015c, Aziz et al. 2016, Li 2016, Li
et al. 2016, Aziz et al. 2016a, Li et al. 2017, Mirzaghorbanali et al. 2017, Rasekh et al. 2017,
Rasekh et al. 2017a, Aziz et al. 2018, Aziz et al. 2018, Aziz et al. 2019, Li et al. 2019) that
both types can produce reasonable shear performance when sufficient and suitable apparatus
dimensions and boundary conditions are used in testing. In this study (Chapter 4), a new
circular double shear apparatus, known as MK-IV DSB was utilized to examine the
performance of plain and indented SUMO cable bolts under different pre-tension loads.
Previously, the shear performance of the SUMO cable bolts was assessed by the author during
the Master of Philosophy degree (Khaleghparast 2017). In that study, two types of test
methods including a single shear test known as the Megabolt Single Shear Test Rig (MSSTR)
(Aziz et al. 2018) as well as a double shear test using the rectangular MK-III double shear box
(Mirzaghorbanali et al. 2017) were used to investigate the shear performance of various cable
bolts used in Australian mines and civil tunnels, thus the results will be used as a means of
comparison. Furthermore, in Chapter 4, a new large-scale double shear test rig was used to
investigate the shear performance of 15.2 mm Jennmar cable bolt in varying installation angle
funded by ACARP-C27040. In addition, in Chapter 5, MK-I DSB was used to assess the shear
performance of 18 mm rock bolts under dynamic loading conditions using the drop hammer
test.
In this chapter, therefore, a comprehensive comparison between the shear test results obtained
from different shear apparatuses using both rock bolts and cable bolts will be given. Firstly, to
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understand the performance of each test apparatus and the shear performance of cable bolts
and secondly to compare the shear performance of 15.2 mm Jennmar cable bolts under static
loading conditions at different angle of orientations. Finally, a parametric study will be
undertaken in regard to the shear behaviour of 18 mm rock bolts under varying conditions
such as different concrete compressive strength, drop velocity, drop mass, and a constant
potential energy with varying drop mass and drop velocity.

Comparison between MK-III and MK-IV rigs
As explained in Chapter 4 and Chapter 5, MK-III and MK-IV DS apparatus consists of two
300 mm side cubes/ cylinders and a central prism/cylindrical concrete of 450 x 300 x 300
mm3. MK-III and MK-IV are the new generations of MK-I and MK-II DS apparatus where the
friction effect has been eliminated through the lateral truss system to create a gap between the
shearing joints. The reason for the development of MK-III DSB was to examine the pure shear
strength of the tendon without any inclusion of the friction effect between shear faces.
Previously, the peak shear load obtained from the test using MK-II was the combination of the
shear loads due to cable bolt failure and the friction force resulting from rubbing concrete
block faces in contact with each other (Rasekh 2017). Furthermore, the difference between
MK-III and MK-IV is the geometry and the confinement used. The external confinement
designed in MK-III is rectangular whilst MK-IV is circular. It was found that a circular clamp
is much more effective than a rectangular one. This is because of uniform lateral confining
loads applied all around the concrete. This feature was previously noted through using
MSSTR (Li et al. 2017, Aziz et al. 2018). Poor medium confinement may result in premature
concrete radial cracking causing a reduction in cable stiffness with a higher shear load travel.
The increased cable shear displacement would cause the cable to fail with an increased
number of cable wires failing in tension rather than from tensile/ shear. In other words, the
cable strand shear failure load will be closer to failure in tension rather than in shear.
Therefore, effective confinement of the concrete reduces the chances of radial crack
occurrence with less vertical shear travel. This is clearly observed when testing samples in
cylindrical concrete utilising effective and high torqued steel clamps, results are shown in
Figure 7.1. As is clear from the graph, the cylindrical shape of the rig could reduce the shear
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load as well as the shear displacement of the samples. Meaning that the cable bolt using MKIV will undergo less tension due to minimizing radial and axial cracking on the samples.

Figure 7.1. Comparison between MK-III and MK-IV DS results (a) peak shear load (kN) and
(b) displacement (mm) at peak shear load

Even with changing the geometry of the MK-III from rectangular to circular, some minor
cracks were seen on the sample, which can directly affect the shear performance of cable
bolts. Meaning that the peak shear load can still be affected by the tension, shown in Figure
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7.1 and Figure 7.2. Therefore, there was still a need for the improvement of the sample to be
able to eliminate cracks to obtain results more in shear.
As it was explained in Chapter 4, a set of tests were carried out on both SUMO plain and
indented cable bolts under different pre-tension load with and without using internal steel tube
to be able to minimize the premature cracking of the concrete in the vicinity of shear.
Previously, SUMO cable bolts were tested using MK-III. A summary of the results is given in
Table 7.1.
Table 7.1. Summary of MK-III and MK-IV DSB test results
Type of
test
apparatus

Cable type

UTS
(t)

SUMO-Plain

65

ID-SUMO

63

SUMO-Plain

65

ID-SUMO

63

MK-III

MK-IV

Pretension (t)
0
15
0
15
2
15
2*
15*
2
15
2*
15*

Peak
shear load
(kN)
886
852
815
767
904
800
967
753
755
631
621
480

* Internally reinforced concrete with 150 mm steel tubes
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Shear
displacement
(mm)
100
88
94
86
86
71
59
43
68
61
47
44

Shear
load/UTS
(%)
67
66
63
59
70
62
74
58
58
49
48
37

Figure 7.2. The ratio of peak shear load to the ultimate tensile strength of SUMO cable
The function of confinement in MK-IV could be observed in the failure mode of the cable
bolt, as shown in Figure 7.3. Unlike the cable wire failure on both sides of the joint face in
MK-IV, it was shown that the single joint face failure occurred in MK-III resulting in an
unbalanced stress state in both joint faces and strength loss after individual wire failure. In
addition, due to the smaller confinement in the rectangular double shear equipment, the failure
profiles of most broken wires in various cables were mostly in tension or no failures.

320

Figure 7.3. Failure patterns of cable strand in the shearing test, black is not broken, yellow is
tension failure, and red is shear/tension combination failure mode adopted from (Yang 2019)
As is seen from the results shown in Table 7.1 and Figure 7.1b, the shear displacement at peak
shear load is decreasing when the geometry of the sample changed from rectangular into
circular. Figure 7.4 illustrates the crack propagations on the concrete blocks post-test in
different medium environments and apparatus. From the experiment, no crack was seen in the
concrete cylinder in MK-IV when internally confined with steel tubes. Through casting a steel
pipe inside the concrete blocks, the shear displacement decreased up to 50 % comparing with
MK-III results, as is seen from Figure 7.1b. Comparing results from MK-IV samples with and
without internal steel tubes, it was seen that concrete cylinders without internal confinement
cracked in the vicinity of joints but not as significant as MK-III samples.
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Figure 7.4. General view of crack propagation on concrete blocks post-test (a) MK-III, (b)
MK-IV, and (c) MK-IV with internal steel tube (Yang 2019)
Due to cracking in the surrounding rock, the counter-acting force from concrete would
influence the bending and deformation of cable bolts. This condition is similar to the
experimental tests carried out by other researchers (Spang et al. 1990, Ferrero 1995, Aziz et al.
2003) showing that the weaker concrete blocks are, the larger the shear strength of cable
bolted joints achieved. This can be explained by the straightening of the cable bolts due to
larger hinge separation and subsequent wire tensile failure that increases the cable strength
when compared to the shear failure of wires. The shear displacement would be large in
softened surrounding rock before the failure of the cable strand. Therefore, the de-bonding is
one of the key factors affecting the cable bolt behaviour tested in the MK-III apparatus leading
to larger failure displacements with wires failing predominantly in tension.
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Therefore, the external steel confinement generally strengthens the integrity of the host
medium during shearing making the testing system stiffer. The circular clamps or confinement
in the MK-IV apparatus provides more concrete confinement than the rectangular type
because of the uniform lateral confining loads applied symmetrically around the concrete
cylinder. Furthermore, the internal pipe confinement inside the concrete block contributes to
increased concrete strength and stiffness, which minimizes early concrete deformation around
the tendon close to sheared joint faces, thus preventing crack generation along the concrete
cylinder.

Shear performance of 15.2 mm Jennmar cable bolt in different
installation angles
A set of tests was undertaken on 15.2 mm Jennmar cable bolts using MK-IV DSB with zero
degrees angle of installation as well as at 30 and 45 degrees angles of inclination using the
newly developed double shear rig explained in Chapter 4 section 4.5.
Table 7.2. Summary of shear test results of 15.2 mm Jennmar cable bolt
Test no.

Angle of
installation (˚)

Axial pretension
load (kN)

Peak shear
load (kN)

Shear displacement
(mm)

1
2
3
4
5
6

0
30
45
45
45
45

50
50
50
0
50
40

314
508
572
581
501
485

53
27
21
39
27
24

Looking at the results shown in Table 7.2 and Figure 7.5, it can be seen that the higher the bolt
angle of inclination/ orientation to the sheared joint plane the greater the ultimate failure load
of the cable bolt and a decrease in displacement at shear failure.
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Figure 7.5. Double shear load results for 15.2 mm Jennmar cable bolt in installations with
different angles of inclination
In other words, the ultimate breaking load of the cable bolt increases with the increase in the
angle of inclination/ orientation. This was expected, as the greater the angle of inclination with
respect to the direction of shearing force, the less likely all cable wires fail in shear, as the
applied shearing force tends to pull the cable wires more axially rather than in shear. This
trend was elaborated by Grasselli (2005), that the degree of pulling behaviour in the bolt
develops with its inclination, while at the same time, shear reduces. Tadolini et al. (2016)
defined the transition from pure tension to pure shear, passing through combinations of tensile/
shear components caused by lateral loading and movements, shown in Figure 7.6.
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Figure 7.6. Shear loading caused by lateral movement adopted from (Tadolini et al. 2016)
Except for the second test in which the top of the middle concrete block damaged slightly,
none of the blocks were found to end up cracked or split. In many cases, both cables snapped
fully with the excessive vertical movement of the central block as shown in Figure 4.36.
Furthermore, an increase in the shear load with a decrease of the shear failure displacement
suggests that the stiffness of the system is increasing. Another point to discuss was the hinge
point formation in the angle test. It was observed that the crushing zone, which was created
because of the hinge point, was smaller in angled shear tests compared to the shear
performance of the cable in the MK-IV DSB with zero-degree orientation. This means that the
cable bending moments are significantly lower in the angled test than in the MK-IV test. This
makes sense because in zero-degree installation the cable needs to form two hinges with sharp
angles so as to be able to go through tension, thus the cable will bend more and ultimately
damage the concrete. However, cables with 30 and 45 degrees of installation can undergo
tension more easily before starting to bend. Therefore, less damage will occur to the concrete
in the crushing zone.
Figure 7.7 illustrates the shear behaviour of 15.2 mm Jennmar cable bolts at varying
installation angles using MK-IV and the newly develop double shear rig. Looking at the
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results, regardless of the angle of the installation and the type of apparatus used, each graph
has three different parts, each one corresponding to a different mechanical reaction of the
reinforcement. However, depending on the angle of orientation, the final behaviour of the
cable can be separatable. The first part corresponds to the linear behaviour or rapid loading
stage, with small displacements with a great increase of load in particular for tests 2 to 6. The
cable with a 30 degree of installation mobilizes almost 80 % of its actual capacity which is
associated with a less than 5 mm displacement. However, the 45 degree cable mobilizes more
than 80 % of its resistant contribution associated with almost the same displacement. In
contrast, zero-degree cable has a very different behaviour comparing with the angled ones.
The first part of the curve shows a very small dynamic shear load bearing along with a very
small displacement, which is almost 10 % of its resistance.

Figure 7.7. Load-displacement of profiles of testing 15.2 mm Jennmar cable bolts at an
inclination of zero, 30, and 45 degrees
In the second part of the curve, the cable enters the elastoplastic region which corresponds to
the yielding of the cable. However, this region depending on the angle of installation, has
different behaviour and displacement. In zero-degree cable, this region contributes to a larger
displacement associated with almost 20 mm displacement, whilst for the 30 and 45 degree

326

cable, the displacement is relatively shorter. The plastic hinge is formed in this stage and it is
clear that in zero-degree cable because of the cable orientation, the cable goes through more
extension and more bends, while in the other cable this transition takes place more swiftly as
the cable does not need to bend as much as zero-degree cable. Even when comparing the
displacements of 30 degree to 45 degree, it can be understood that cable with a higher degree
of installation will extend faster but with less bending.
The third stage of the curve corresponds to a plastic stage and then failure. The same
behaviour can be recognized from the third stage. As is mentioned, a zero-degree cable needs
to form two sharp-angled hinges, therefore more extension will take place in this stage
between the two hinges as the cable will extend more. However, due to less bending of the
cable in angled installation cable, the cable will extend less resulting in less shear failure
displacement. Consequently, the higher the degree of installation the shorter the shear
displacement.

Parametric study
A parametric study was undertaken to study the effect of the compressive strength of concrete,
drop height/velocity, drop mass, and potential energy on the shear performance of 18 mm rock
bolts under high-velocity impact loading conditions. The MK-I double shear box dimension
remained the same as before, using three concrete blocks, measuring 150 x 150 x 600 mm3.
An 18 mm Jennmar rock bolt has the modulus of elasticity of 218 GPa, the ultimate tensile
strength of 471 MPa (120 kN). The borehole diameter was chosen constant at 24 mm.
Influence of compressive strength of concrete
To investigate the influence of the compressive strength of concrete on the dynamic shear
response of rock bolts, three MK-I double shear boxes with fully grouted rock bolts using the
18 mm ribbed Jennmar rock bolt were modelled under high-velocity impact load. The
compressive strengths of concrete were chosen to be 20, 40, and 60 MPa to replicate both soft
and hard rock situations. The impact mass was 592 kg and the drop velocity were 6.3 m/s,
equal to dropping a hammer from a 2 m height.
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The development of stresses and strains along the concrete interface in all samples were found
to be similar. However, the values for stresses and strains were found to be increasing by
increasing the concrete strength. A study undertaken by Jalalifar (2006) found an opposite
trend when the load is applied statically. Jalalifar (2006) compared 20 MPa and 40 MPa
concrete strength and found that the values of stresses and strains were slightly reduced in
higher strength concrete. It has been observed by researchers (Malvar et al. 1998, Grote et al.
2001, Wu et al. 2015) that the response of concrete under dynamic loads is highly related to
the rate of loading and there is a significant difference seen between static and dynamic
behaviours.
Figure 7.8 illustrates the applied shear load vs. time for 20, 40, and 60 MPa concrete medium.
As can be seen from the graph, the concrete strength can affect the dynamic shear load
capacity of the rock bolt. Table 7.3 shows the peak shear load of an 18 mm rock bolt subjected
to impact load predicted by the LS-DYNA for each concrete strength with the shear
displacement of the rock bolt at maximum shear load. In 20 MPa concrete medium, the shear
strength of the rock bolt was measured as 204.5 kN, whilst in 40 MPa and 60 MPa were
calculated as 224 and 200 kN, respectively. The dynamic shear load measured in 40 and 60
MPa concrete is identical to the experimental tests explained in Chapter 5. Also, 20 MPa is
almost the same as the experiment results. Therefore, the model is in good agreement with the
experimental results and can predict the shear response of the rock bolt under high-velocity
impact for different concrete strengths.
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Figure 7.8. Dynamic shear load of 18 mm rock bolt predicted by LS-DYNA in different
concrete strength
On the other hand, shear displacement of the rock bolt was measured as 58, 44, and 44 mm in
20, 40, and 60 MPa concrete, respectively. It can be concluded that by increasing the concrete
strength, the shear displacement of the rock bolt reduces as shown in Figure 7.9. This is
because more energy will go through the rock bolt and the rock bolt may stretch more
compared to the harder concrete medium. This can be seen in
Table 7.4 where the amount of energy absorbed by the rock bolt in 20 MPa concrete medium
is almost 13 % and 9% more than the energy absorption contribution of the rock bolt in 40 and
60 MPa concrete medium, respectively.
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Figure 7.9. Shear displacement of 18 mm rock bolt predicted by LS-DYNA for different
concrete strength
Table 7.3. Summary of the shear response of 18 mm rock bolt under impact load in different
concrete strength
Concrete
compressive strength
(MPa)

UTS of rock bolt
(kN)

Dynamic shear load
(kN)

Shear displacement at
peak load (mm)

20

120

204.5

58

40

120

224

44

60

120

200

44

Table 7.4 shows the energy absorption for all individual components of the model. As can be
seen, the rock bolt absorbed the majority of the energy in the system by absorbing almost 24
% of total input energy before the concrete and middle steel casing confinement. The
contribution of each part in each model is almost the same regardless of the strength of
concrete. No constant relationship was found between the concrete strength and the dynamic
shear load-bearing capacity of the rock bolt. However, looking at the middle steel
confinement, an increasing trend was obtained in terms of absorbing energy by the steel casing
when the strength of the concrete blocks was increasing. By increasing the concrete strength
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from 20 MPa to 40 and 60 MPa, 17.5 % and 23.5 % of internal energy dissipated more in the
steel casing.
Table 7.4. Absorbed energy through each component of the MK-I model
Concrete
strength
(MPa)
Part

MK-I

20 MPa

40 MPa

60 MPa

Absorbed
Absorbed
Absorbed
Absorbed
Absorbed
Absorbed
Energy energy/Input Energy energy/Input Energy energy/Input
(kJ)
energy (%)
(kJ)
energy (%)
(kJ)
energy (%)

Rock bolt
Mid
concrete
Side
concrete
Mid
confinemen
t
Side
confinemen
t
Grout
Impact
plate

3.06

26

2.70

23

2.80

24

1.30

11

1.20

11

1.10

9

0.95

8

1.05

9

0.80

7

1.70

15

2.00

17

2.10

18

0.15

1

0.30

3

0.4

3

0.35

3

0.4

3

0.32

3

0.16

1

0.18

2

0.18

2

Total

7.7

66

7.9

69

7.7

66

As is shown in
Table 7.4, almost 70 % of the input energy is absorbed by the whole system. It can be
concluded that the energy absorption of the system has no relation to the strength of the
concrete. Frictional energy, furthermore, was found to be 20 % for each test and 10 % of input
energy was dissipated due to erosion. All in all, friction in the vicinity of shear is independent
of the strength of concrete.
Influence of drop velocity
To investigate the influence of the drop velocity on the dynamic shear performance of the 18
mm ribbed Jennmar rock bolts, three MK-I double shear boxes were modelled under highvelocity impact load. The drop velocity was set to 5.5, 6.3, and 7 m/s, which are equivalent to
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a drop weight of 592-kg falling from a 1.5, 2, and 2.5 m height. The drop height was varied
because the drop height is found to be influential in the energy input and therefore, internal
energy.
The dynamic shear load of the 18 mm rock bolts under different impact velocities is
demonstrated in Table 7.5. As can be seen from Table 7.5, the shear resistance of the rock bolt
under an impact velocity of 5.5 m/s was measured as 193.5 kN, whilst the shear load imposed
on the rock bolt under 6.3 and 7 m/s impact load were measured almost the same at 224 and
221 kN, respectively.
Table 7.5. Summary of the shear response of 18 mm rock bolt under different impact velocity
Concrete
compressive
strength (MPa)

UTS of rock
bolt (kN)

Drop height
(m)

Velocity
(m/s)

Dynamic
shear load
(kN)

40
40
40

120
120
120

1.5
2
2.5

5.5
6.3
7

193.5
224
221

Shear
displacement
at peak load
(mm)
32
44
62

Figure 7.10 shows the dynamic shear load time histories for the different velocities of the drop
hammer. It was found that the height of 1.5 m, which is equivalent to an impact velocity of 5.5
m/s, was insufficient to shear off the 18 mm rock bolt. However, the height of 2.0 m, which is
equivalent to an impact velocity of 6.3 m/s, was found to be adequate to shear off the rock
bolt. Nevertheless, the impact velocity of 7 m/s was seen to create extra energy in the system
to shear off the 18 mm rock bolt that potentially could also damage the concrete blocks. This
indicated that the total input energy generated by the impact velocity of 6.3 m/s was sufficient
to create shear failure in the rock bolt. However, the performance of the rock bolt can be
affected by the impact velocity. The faster the impactor hits the system, the rock bolt can resist
the load in a shorter time. Therefore, it can be concluded that the dynamic shear load-bearing
capacity of the rock bolt is related to the velocity of the impactor and the faster the impactor
hits the sample, the earlier the rock bolt reaches its peak shear load as long as sufficient energy
is being delivered to the system.
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Figure 7.10. Dynamic shear load generated in 18 mm rock bolt predicted by LS-DYNA under
varying velocity impact
On the other hand, looking at Figure 7.11, the impact velocity can affect the shear
displacement of the rock bolt. It is clear that when more energy is delivered to the system by
increasing the velocity of the impactor, the more deformation can be expected in the rock bolt.
This deformation enhancement did not affect the maximum dynamic shear resistance of the
rock bolt when the velocity was 6.3 and 7 m/s. It was obtained when a certain amount of
energy was delivered to the system, which was found to be 70 % of work done in static shear
load obtained from load-displacement graph, the dynamic peak shear load will be reached.
Consequently, any extra input energy in the system was seen to be ineffective on the shear
resistance of the rock bolt. Therefore, it can be claimed that velocity is effective on the shear
deformation of rock bolts without influencing the load-bearing capacity of the rock bolt
subjected to dynamic shear load.
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Figure 7.11. Shear displacement of 18 mm rock bolt predicted by LS-DYNA under varying
velocity impact
Table 7.6 demonstrates energy absorption for each element in MK-I when the hammer
dropped from a different height. Looking at the energy absorbed by each component, there is a
difference between the energy absorbed by the rock bolt under impact velocities of 5.5 m/s
and 6.3 and 7 m/s. Energy absorption in the rock bolt under velocity impacts of 6.3 and 7 m/s
are almost the same comparing with that under 5.5 m/s. However, when more energy is
exerted on the system, the contribution of concrete in absorbing energy increases, which can
potentially damage the concrete.
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Table 7.6. Summary of the absorbed energy by the individual components of MK-I under the
different velocity of impact
Velocity
(m/s)

6.3 m/s

7 m/s

Absorbed
Energy
(kJ)

Absorbed
energy/Input
energy (%)

Absorbed
Energy
(kJ)

Absorbed
energy/Input
energy (%)

Absorbed
Energy
(kJ)

Absorbed
energy/Input
energy (%)

1.7

19

2.7

23

2.9

20

1.00

11

1.3

11

1.7

12

0.8

9

1.05

9

1.35

9

2.05

23

2.0

17

2.4

17

0.2

2

0.3

3

0.3

2

0.3

4

0.4

3

0.4

3

Impact plate

0.14

2

0.2

2

0.2

1

Total

6.3

69

7.9

69

9.2

63

Part

MKI

5.5 m/s

Rock bolt
Mid
concrete
Side
concrete
Mid
confinement
Side
confinement
Grout

Frictional energy, furthermore, was found to be 20 % for each test and 10 % of input energy
was dissipated due to erosion. All in all, friction in the vicinity of shear is independent of the
velocity.
Influence of mass of drop hammer
To investigate the influence of drop mass on the dynamic shear performance of 18 mm ribbed
Jennmar rock bolts, three MK-I double shear boxes were modelled under high-velocity impact
load. In this regard, drop height was fixed at 2.0 m which is equivalent to an impact velocity
of 6.3 m/s. The drop mass of the hammer was chosen as 492, 592, and 692 kg.
Figure 7.12 showing the proportion of the damage of the middle concrete block for three
different cases predicted by LS-DYNA. As was discussed before in Chapter 6, 1.0 is in
indication of complete damage and no damage indicated by zero. The damage index in the
middle concrete block were found to be almost similar for different drop mass but different in
values. It was observed that the drop mass can significantly affect the crack propagation of the
concrete as is shown in Figure 7.12. Strains development is the same in terms of the damaged
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areas. However, the heavier the drop mass the more damage can be seen in the bottom of the
concrete as well as in the corner of the concrete. It was seen that when the drop mass was 492
kg, vertical cracks propagated vertically upwards from the bottom of the concrete. However,
by improving the mass of the drop, the cracks become more dominant at the bottom of the
concrete with an angle of almost 45 degree, known as shear crack. Shear zones are almost the
same in terms of damage.

Figure 7.12. Damage index in middle concrete at t=3 ms for (a) 492 kg of drop mass, (b) 592
kg of drop mass, and (c) 692 kg of drop mass
Dynamic double shear loads of 18 mm Jennmar rock bolts under different drop masses are
demonstrated in Table 7.7. As can be seen from Table 7.7, the dynamic double shear load
depends on the amount of energy input into the system. When the drop mass was 492 kg,
which is capable of generating potential energy of 9.7 kJ the dynamic double shear load was
measured as 197.5 kN. On the other hand, the dynamic double shear load for 592 and 692 kg
drop mass was recorded to be almost the same being 224 and 221 kN, respectively. A drop
mass of 592 and 692 kg are capable of generating potential energy of 11.6 and 13.6 kJ,
respectively.
Table 7.7. Summary of the shear response of 18 mm rock bolt under different drop mass
Concrete
compressive
strength
(MPa)

UTS of
rock bolt
(kN)

Drop
height (m)

40
40
40

120
120
120

2
2
2

Velocity
(m/s)

Drop
mass
(kg)

Dynamic
shear load
(kN)

Shear
displacement
at peak load
(mm)

6.3
6.3
6.3

492
592
692

197.5
224
221

37
44
48
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Figure 7.13 illustrates the time histories of the dynamic double shear load of 18 mm rock bolts
for different drop masses. It is clear, a drop mass of 492 kg cannot provide sufficient energy to
the system to cause the shear failure of the rock bolt. However, by increasing the drop mass to
592 and 692 kg, the dynamic double shear load was measured to be almost the same at 224
and 221 kN, respectively. This indicates that a falling mass of 592 kg can provide adequate
input energy into the system to cause the shear failure of the rock bolt and increasing the drop
mass to 692 kg can only create more damage to the concrete, this can be seen from Figure
7.12. Therefore, it can be concluded that the dynamic shear load-bearing capacity of the rock
bolt can be affected by the amount of energy that can be delivered by the drop mass.
On the other hand, looking at the Figure 7.13, the performance of the rock bolt during the
impact process can be seen to be influenced by the drop mass. It is clear, the heavier the mass
of drop, the longer in duration to maintain the load. This indicated that when more energy is
delivered to the system by increasing the drop mass, the longer it will take for the rock bolt to
reach its dynamic shear load capacity.

Figure 7.13. Dynamic shear load generated in 18 mm rock bolt predicted by LS-DYNA under
varying drop mass
Figure 7.14 illustrates the deformation of rock bolts under impact load due to varying drop
mass. As can be seen from the graph, the deformation of the rock bolt depends upon the
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amount of energy input into the system. When a 492 kg drop mass fell on the system, rock bolt
deformation was measured as 37 mm, however, by increasing the drop mass to 592 and 692
kg, the deformation of the rock bolts increased up to 19 % and 30 %, respectively.

Figure 7.14. Shear displacement of 18 mm rock bolt predicted by LS-DYNA under varying
drop mass
The rock bolt did not fail when a 492 kg drop mass was used. When 592 and 692 kg drop
masses were applied, shear failure was observed. However, when the drop mass was increased
from 592 to 692 kg, the deformation of the rock bolt was enhanced by 9 %, even though the
rock bolt failed in both situations. Therefore, it can be concluded that the drop mass can
influence the dynamic shear displacement of the rock bolt.
Table 7.8 demonstrates the amount of energy absorbed by individual components of the MK-I
under different drop masses. As can be seen from Table 7.8, by increasing the drop mass from
492 kg to 692 kg, the contribution of rock bolts in absorbing energy increased by 38 %.
Furthermore, the energy absorption of the middle concrete block increased when the drop
mass was increased by 27 %. Steel casing confinement, on the other hand, absorbed 40 %
more energy when the drop mass improved. Therefore, with increased mass, the parts of the
system absorb about the same percentage of the input energy based on Table 7.8.
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Table 7.8. Absorbed energy through each component of the MK-I model under different drop
mass
Drop mass

592-kg

692-kg

Absorbed
Energy
(kJ)

Absorbed
energy/Input
energy

Absorbed
Energy
(kJ)

Absorbed
energy/Input
energy (%)

Absorbed
Energy
(kJ)

Absorbed
energy/Input
energy

2.1

22

2.7

23

2.9

22

1.1

11

1.3

11

1.4

11

0.8

9

1.05

9

1.05

8

1.85

19

2.0

17

2.6

19

0.2

2

0.3

3

0.3

2

0.4

4

0.4

3

0.4

3

Impact plate

0.16

2

0.2

2

0.18

1

Total

7.1

70

7.9

69

8.9

66

Part

MKI

492-kg

Rock bolt
Mid
concrete
Side
concrete
Mid
confinement
Side
confinement
Grout

Frictional energy, furthermore, was found to be 20 % for each test and 10 % of input energy
was dissipated due to erosion. All in all, friction in the shear face is independent of the drop
mass.
Influence of impact energy
To investigate the influence of drop mass and drop velocity on the dynamic double shear
performance of 18 mm rock bolts, the impact energy was fixed at 11.6 kJ. To achieve this
impact energy, the drop mass was chosen as 492, 592, and 692 kg whilst the drop velocities of
these masses were 6.9 m/s, 6.3 m/s, and 5.8 m/s, respectively. This ensured that the potential
energy of the falling masses was constant and fixed at 11.6 kJ. The purpose of this study was
to examine the dynamic shear response of 18 mm rock bolts due to the influence of increasing
the drop mass while decreasing the velocity of the impactor.
Table 7.9 demonstrates the shear response of 18 mm rock bolts subjected to impact by falling
masses with variable velocities and delivering the constant impact energy of 11.6 kJ. As can
be seen, with increasing the drop mass and decreasing the impact velocity, the dynamic shear
load-bearing response of the rock bolt was found to be not consistent. When the drop mass
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was 492 and 692 kg, the dynamic shear loads were measured almost equal whilst the dynamic
shear load for the drop mass of 592-kg was recorded as 224 kN, which is 12 % more than the
other two cases. Furthermore, dynamic shear displacement of the rock bolt seems to be
increasing when the impact velocity is decreasing, and the drop mass is increasing but the
energy of the impact is kept constant. Therefore, it can be mentioned that the dynamic load
resistance of the rock bolt cannot be solely defined by the input energy but drop mass and drop
velocity are significantly influential.
Table 7.9. Summary of the shear response of 18 mm rock bolt when the potential energy was
fixed as 11.6 kJ
Concrete
compressive
strength
(MPa)

UTS of
rock bolt
(kN)

Drop
height (m)

Velocity
(m/s)

Drop
mass
(kg)

Dynamic
shear load
(kN)

Shear
displacement
at peak load
(mm)

40

120

2.4

6.9

492

199

42

40

120

2

6.3

592

224

44

40

120

1.7

5.8

692

201

47.5

Figure 7.15 shows the impact histories for all three cases when the potential input energy was
kept constant. It was found that the impact load magnitude as well as the duration of the
impact were not the same. When the drop mass was 492 kg with a drop velocity of 6.9 m/s, the
inertia force was the highest with less duration of impact. The inertia force dropped by
increasing the drop mass and reducing the velocity whilst the impact duration increased.
Figure 7.16 shows the time histories of the dynamic shear load of te18 mm rock bolts for the
increasing values of the drop mass while the drop velocity was decreasing. As can be seen
from the graph, the trend of dynamic shear load-bearing capacity for the rock bolts is the same
for all cases for the first 4 ms. However, after that for the case of a drop mass of 592 kg and
drop velocity of 6.3 m/s, there is an increase in the dynamic shear load-bearing capacity whilst
for the other two cases, the load remains flat but of different duration before failure.
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Figure 7.15. Impact load versus time for all three cases when the potential input energy was
kept constant

Figure 7.16. Dynamic shear load generated in 18 mm rock bolt predicted by LS-DYNA
under constant potential energy
Figure 7.17 demonstrates the shear displacement of the 18 mm rock bolts for three different
cases when the impact input energy was fixed at 11.6 kJ. It is clear from the graph, the trend of
all three graphs is relatively the same, however with different values and different durations.
When the drop mass increased while drop velocity decreased, there was an increasing trend
seen for the shear deformation of the rock bolt. This can be further explained by looking at the
impact histories of all three cases where the reason was found to be the crushing zone areas.
After thorough consideration and comparison of the damage index of the crushing zone in
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different cases, it was seen that the damage in the vicinity of the crushing zone for the case of
692 kg with 5.8 m/s drop velocity was higher than the case of 592 kg with a 6.3 m/s drop
velocity and 492-kg with a 6.9 m/s drop velocity. The more damage in the crushing zone the
more deformation can be expected.

Figure 7.17. Shear displacement of 18 mm rock bolt predicted by LS-DYNA under constant
impact energy

Table 7.10 shows the contributions of individual components toward absorbing impact energy
when the system was exposed to a constant impact energy. According to Table 7.10 the
amount of energy absorbed by the system is the same for each case, regardless of what the
velocity or drop mass was. In all three cases, the internal energy was measured as 7.9 kJ which
was 70 % of the input impact energy and the rest of the impact energy was found to be
dissipated through friction between joints as well as element erosion, which contributed 20 %
and 10 %, respectively. However, the contribution of the rock bolt to the total absorbed energy
is observed to be different case by case. By enhancing the drop mass and decreasing the
velocity of the impactor, less energy was transferred through the steel confinement. Steel
confinement absorbed 2.3 kJ of internal energy in the case of a 492 kg drop mass with a
velocity of 6.9 m/s. This energy decreased with an increase in the impacting mass and a
decrease in the velocity for a 592 kg and 692 kg mass by 13 % and 22 %, respectively.
Therefore, the steel confinement can be influenced by a simultaneous change in the mass and
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velocity of the impactor. The rock bolt, on the other hand, absorbed more energy when the
drop mass increased and velocity decreased from a 492 kg mass (6.9 m/s) to 592 kg mass (6.3
m/s) and a 692 kg mass (5.8 m/s) by 8 % and 20 %, respectively. The higher energy
absorption by the rock bolt has led the rock bolt to deform more while resisting the dynamic
load. The shear displacement of the rock bolt when the rock bolt was struck by a 492 kg drop
mass falling with the velocity of 6.9 m/s, measured 42 mm whilst by increasing the drop mass
and decreasing the velocity, the deformation of rock bolt increased by 5 % and 13 %,
respectively. This was found to be due to the damage in the vicinity of the crushing zone, seen
through the effective plastic strain option in LS-DYNA case by case. The more damage, the
more deformation can be expected, as the rock bolt has more space to deform.
Table 7.10. Summary of absorbed energy by each component of the MK-I model under
constant input impact energy
Energy input
= 11.6 kJ
Part

MKI

Rock bolt
Mid concrete
Side concrete
Mid
confinement
Side
confinement
Grout

492-kg (6.9 m/s)
Absorbed
Absorbed
Energy
energy/Input
(kJ)
energy (%)
2.5
22
1.3
11
1.0
9

592-kg (6.3 m/s)

692-kg (5.8 m/s)

Absorbed
Energy
(kJ)
2.7
1.3
1.05

Absorbed
energy/Input
energy (%)
23
11
9

Absorbed
Energy
(kJ)
3.0
1.3
1.0

Absorbed
energy/Input
energy (%)
26
11
9

2.3

20

2.0

17

1.8

15

0.3

2

0.3

3

0.3

2

0.3

4

0.4

3

0.4

3

Impact plate

0.2

2

0.2

2

0.2

1

Total

7.9

70

7.9

70

7.9

70

The velocity of the rock bolt was observed to be constant for all three cases. Meaning that
after impact load was imposed to the system, the rock bolt travelled downward with a same
velocity in all three cases, regardless of the differences in the masses and velocities. Therefore,
the only variable that can affect the kinetic energy of the rock bolt is the drop mass. It was
seen that increasing drop mass has led the kinetic energy of the rock bolt to be increasing,
shown in Table 7.10. Consequently, the more work done by the system, the more deformation
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can be seen in the rock bolt. Therefore, it can be concluded that when the input impact energy
is fixed by selecting the corresponding values of the drop mass and drop velocity, the
deformation of rock bolt will be affected positively whilst the load resistance of the rock bolt
was found to vary. This means that the dynamic shear load resistance of the rock bolt is
determined not only by the input energy but also the deformation process due to the concrete
damage propagation in the vicinity of crushing zones.

Summary
In this chapter, a comprehensive comparison between the third generation of double shear rig
named as MK-III and the fourth generation, known as MK-IV was made in terms of the shear
response of both indented and plain SUMO cable bolts under static loading condition. The
effect of the geometry of both the double shear rig was analysed and discussed. The effect of
pretension load and the influence of cast concrete with an internal steel tube was assessed.
Moreover, the shear performance of 15.2 mm Jennmar cable bolts under different installation
angles using MK-IV and a newly developed double shear box were discussed. Also, a
parametric study was conducted using LS-DYNA finite element software to assess the
dynamic shear behaviour of 18 mm rock bolts under high-velocity impact loading conditions.
The following conclusions have been drawn.
➢ It was found that a circular clamp is much effective than a rectangular one. This is
because of the uniform lateral confining loads applied all around the concrete. Poor
medium confinement may result in premature concrete radial cracking causing a
reduction in cable stiffness with a higher shear load travel. Effective confinement of
the concrete reduces the chances of radial crack occurrence with less vertical shear
travel.
➢ When comparing results from the MK-IV samples with and without internal steel
tubes, it was seen that concrete cylinders without internal confinement cracked in the
vicinity of joints but not as significant as the MK-III samples.
➢ The ultimate breaking load of the cable bolt increases with the increase in the angle of
inclination/ orientation or the cable bolt. The cable bending moments are significantly
lower in the angled test than for MK-IV. Because in zero-degree installation the cable
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needs to form two hinges with sharp angles to be able to go through tension, thus the
cable will bend more and ultimately damage the concrete. However, cables with 30
and 45 degrees of installation can undergo tension more easily before starting to bend.
Therefore, less damage will occur to the concrete in the crushing zone.
➢ Dynamic shear response of the 18 mm rock bolts under high-velocity impact using 20,
40, and 60 MPa concrete was assessed. It can be concluded that the concrete materials
are significantly strain rate related, meaning their compressive strength is influenced
by the rate of loading. The higher rates of loading can result in more resistance of the
concrete material against the applied load. Furthermore, energy dissipates more in a
softer material compared to a brittle material. Meaning more energy can be absorbed
by the lower strength concrete. Besides, by increasing the concrete strength, the shear
displacement of the rock bolt was reduced. The dynamic shear load measured in 40
and 60 MPa concrete was identical to the experimental tests. Ultimately, no constant
relationship was found between the concrete strength and load-bearing capacity of the
rock bolt subjected to dynamic shear load.
➢ Dynamic shear response of the18 mm rock bolts under different velocity impact loads
using 40 MPa concrete blocks was examined. The height of 2 m equal to a velocity of
6.3 m/s was found to be adequate to shear off the 18 mm Jennmar rock bolts.
Furthermore, it was found that the performance of the rock bolt can be affected by the
velocity. The faster the impactor hits the system, the shorter time the rock bolt can
resist the load. The velocity of 7 m/s was found to create extra energy in the system to
both shear off the 18 mm rock bolt and can damage potentially concrete blocks.
Velocity is effective on the shear deformation of rock bolt without influencing the
dynamic shear load capacity of the rock bolt.
➢ Dynamic shear response of 18 mm rock bolts was assessed with different drop masses
using 40 MPa concrete blocks. It was observed that the drop mass can significantly
affect the crack propagation of the concrete. The dynamic shear load-bearing resistance
of the rock bolt cannot be affected by the drop mass. However, the performance of the
rock bolt can be influenced by the drop mass. The heavier the mass of drop, the longer
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the duration to maintain the load. Increasing the drop mass can positively influence the
dynamic shear displacement of the rock bolt.
➢ The dynamic shear response of 18 mm rock bolts was also investigated under constant
input impact energy using 40 MPa concrete blocks. The input energy was kept constant
by increasing the drop mass while decreasing the drop velocity. It was found that the
dynamic load resistance of the rock bolt cannot be solely defined by the input energy
but drop mass and drop velocity are significantly influential. When the input energy is
fixed and the variables are drop mass and drop velocity, the deformation of the rock
bolt will be affected positively whilst the load resistance of the rock bolt was found to
vary.
➢ Friction in the vicinity of shear was found to be independent of the strength of the
concrete, the velocity of the impactor, the drop mass as well as the potential input
energy.
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Conclusions and recommendations
8.1 Conclusions
With the increasing use of the ground support system in engineering underground excavations
and civil tunnels, attention has been drawn, in the last 25 years, to cable bolt response and
performance in different ground conditions, especially in shear. Recent studies including
experimental tests, numerical modellings, and mathematical calculations, on the evaluation of
the shear strength properties of cable bolts, have enabled a better characterization of cable
bolts and their installation in different ground conditions.
In the current study, the shear performance of cable bolts as well as conventional rock bolts
have been investigated under static and dynamic loading conditions using double shear
techniques. The following conclusions have been drawn.

Experimental program
Static experimental tests
A comprehensive investigation has been undertaken on the shear response of plain and
indented SUMO cable bolts as well as 15.2 mm Jennmar cable bolts in 40 MPa concrete
strength using a newly built double shear rig known as NDSB to evaluate the effect of
pretension load, the surface profile roughness and concrete medium confinement.
Furthermore, shear performance of 15.2 mm Jennmar cable bolts was examined under various
installation angles of orientation using the newly built double shear rig. The following was
found:
➢ The shear load as well as shear displacement of cable bolts were influenced by the
strength of the concrete type used as the host medium and its confinement.
➢ Without effective confinement, internally, externally or combined, the true shearing of
the tendon has been found to be difficult to assess as the host medium would end up
being cracked radially and axially with the failed cable being subjected to more of a

347

tensile failure rather than shear, particularly at the hinge points in the vicinity of the
sheared joint planes.
➢ The cylindrically shaped moulds (MK-IV DSB) can effectively confine concrete
internally, thus reducing the formation of wider axial cracks that would influence test
conditions.
➢ The failure of strand wires is directional with respect to their location in the periphery
of the strand and its orientation to the direction of shearing. Wires on the top side of
the bending cable strand at the hinge point fail in tension with snapped wires failing in
cone and cup shape.
➢ Shear testing of 15.2 mm Jennmar cable bolts at a 45 degree orientation to the joint
surface were significantly more effective in creating higher shear resistance than at 30
degree and 90 degree. Shear displacement at peak shear load failure increases with
reduced angle of orientation and the direction of shearing.
Dynamic experimental tests
The dynamic response of conventional 18 mm Jennmar ribbed rock bolts were assessed using
the drop hammer rig to generate high-intensity dynamic load. For this purpose, eight tests
were undertaken using rectangular MK-I, the first generation of double shear box was utilized
in which the effect of friction between the joint faces was active. The following was
discovered:
➢ Energy could be wasted at the moment of impact due to many factors including
absorption of some amount via impactor through vibrations after initial contact (EME),
heat, sound, frictional forces between interfaces of the specimen, gradual breaking of
the rock-grout as well as grout-bolt, inertia force, vibration in nuts on the top clamps as
well as end of the rock bolts and losing some more due to rupture of rock bolts and
crushing of concretes.
➢ The deformation of the rock bolt is dominated by the localized shear force. It was
postulated that almost 20 % of input energy is lost due to the inertia effect whilst the
rock bolt only dissipates 70 % of the input energy, which led to the rock bolt being
bent and ending up ruptured in some cases.
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➢ The dynamic shear load of rock bolts is equivalent to its static double shear load when
the effect of friction is removed. The assumption is that when the specimen is
subjected to dynamic double shear load the effect of friction becomes negligible
because the friction is a time dependent factor and the impact load occurs in a very
short period of time, therefore the time effect can simply be considered ineffective.
The ratio of dynamic shear strength to the static shear strength was measured as
approximately 0.7.
➢ The higher the load, the less elastic stiffness in the double shear system. The higher the
elastic stiffness is attributed to a higher shear load. Meaning, the rock bolt tested in this
study does not provide a quick support to resist deformation.
➢ The effect of pretension was found to be ineffective in regarding to dynamic double
shear testing. While the trend in literature is that the peak shear load decreases by
increasing the pretension load of rock bolts as well as cable bolts when they are tested
on static double shear testing apparatus with a set rating load of 1 mm/min.
➢ The strength of the concrete type used as host medium and its confinement, has an
influence on the shear load and shear displacement of tendons.

Numerical modelling of dynamic double shear test
Dynamic response of conventional 18 mm ribbed rock bolts was investigated numerically
using LS-DYNA under impact loading conditions. The mechanical response of the MK-I DSB
under high-velocity impact loads was assessed using 40 MPa concrete blocks. It was found
that the model could predict the dynamic shear load as well as dynamic shear displacement of
the 18 mm rock bolts under impact load. Therefore, a parametric study was undertaken, and
the following conclusions were drawn:
➢ The impact load in the numerical model was almost double that of experimental
results. This was interpreted as the effect of using a 3 mm rubber pad between the
impactor and impact plate during the impact experiments.
➢ It was found that the contribution of the rock bolt in absorbing energy was the highest
among each component of the specimen, absorbing 26 % of the internal energy before
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the steel casing confinement and concrete absorbed 20 % and 13 %, respectively. Rock
bolts can define the stiffness of the MK-I DSB in dynamic double shear testing.
➢ It was found that the rock bolt starts deforming plastically immediately after the
impact. Consequently, this prevented the development of axial stresses in the rock bolt
as a great amount of energy in the form of concentrated energy developed in the
vicinity of the shear joints. The shear load of the rock bolt was calculated as 224 kN
with a shear displacement of 44 mm, which is in agreement with the experimental
results.
➢ It was found that only 20 % of the total input energy underwent overcoming the
friction between the joints, which was the friction between steel confinement and
concrete faces. Furthermore, only 8 % of the energy was wasted because of erosion
activated in the numerical model.
Parametric study
➢ The dynamic shear response of the18 mm rock bolts under different velocity impact
loads using 40 MPa concrete blocks were examined. The height of 2 m equal to a
velocity of 6.3 m/s was found to be adequate to shear off the 18 mm Jennmar rock
bolts. Furthermore, it was found that the performance of the rock bolt can be affected
by the velocity. The faster the impactor hits the system, the shorter the rock bolt could
resist the load. The velocity of 7 m/s was found to create extra energy in the system to
shear off both the 18 mm rock bolt and potentially damage the concrete blocks.
Velocity is effective on the shear deformation of rock bolts without influencing the
dynamic shear load capacity of the rock bolt.
➢ The dynamic shear response of the18 mm rock bolt was assessed with different drop
masses using 40 MPa concrete blocks. It was observed that the drop mass can
significantly affect the crack propagation of the concrete. The dynamic shear loadbearing resistance of the rock bolt cannot be affected by the drop mass. However, the
performance of the rock bolt can be influenced by the drop mass. The heavier the
mass of drop, the longer the duration to maintain the load. Increasing the drop mass
can positively influence the dynamic shear displacement of the rock bolt.
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➢ The dynamic shear response of the 18 mm rock bolts was also investigated under
constant input impact energy using 40 MPa concrete blocks. The input energy was
kept constant by increasing the drop mass while decreasing the drop velocity. It was
found that the dynamic load resistance of the rock bolts cannot be solely defined by
the input energy but drop mass and drop velocity are significantly influential. When
the input energy is fixed and the variables are drop mass and drop velocity, the
deformation of the rock bolt will be affected positively whilst the load resistance of
the rock bolt was found to vary.

Recommendations
According to the results found in this study, the following recommendations are made:
➢ It is highly recommended that more tests be undertaken with strong capacity cable
bolts in an internally reinforced composite material with steel tubes and the use of an
external support frame to prevent upward vertical displacement of the concrete block
as well as preventing the central block from lateral rotation during the pretensioning
process, thus enabling cable pretention loads of up to 10 t.
➢ MK-I double shear box can be altered with MK-III DSB to evaluate the dynamic shear
performance of larger rock bolt diameters such as 20 and 24 mm, as the MK-I DS rig is
not designed for larger capacity rock bolts.
➢ MK-III DSB can be utilised to evaluate the shear performance of cable bolts under
high velocity impact loading conditions.
➢ MK-I DST can be performed in the explosion chamber located in the R&D section of
the University of Wollongong, to examine dynamic shear response of conventional
rock bolts under a blasting environment. This will provide a good comparison with the
current study and ultimately will enhance the understanding of performance of the rock
bolts in each testing method.
➢ 40 MPa concrete strength medium is highly recommended to be used for impact test as
the dynamic shear response of the 18 mm ribbed rock bolts was found to be more
realistic in comparison with the 20 and 60 MPa concrete strength medium.

351

List of References
Abrate, S (2001). Modeling of impacts on composite structures, Composite Structures, 51(2),
129-138.
Alcudia, A D, Stewart, R R, Eliuk, N, and Espersen, R (2007). Vibration and air pressure
monitoring of seismic sources, CREWES Research Report, 19, 1-14.
Ansell, A (2000). Testing and modelling on an energy absorbing rock bolt, WIT Transactions
on The Built Environment, 48.
Ansell, A (2005). Laboratory testing of a new type of energy absorbing rock bolt, Tunnelling
and Underground Space Technology, 20(4), 291-300.
Attard, M M, and Setunge, S (1996). Stress-Strain Relationship of Confined and Unconfined
Concrete, ACI Materials Journal, 93(5).
Aziz, N, Craig, P, Mirzaghorbanali, A, and Nemcik, J (2016). Factors influencing the quality
of encapsulation in rock bolting, Rock Mechanics and Rock Engineering, 49(8), 3189-3203.
Aziz, N, Craig, P, Mirzaghorbanali, A, Rasekh, H, Nemcik, J, and Li, X (2015). Behaviour of
cable bolts in shear; experimental study and mathematical modelling, Coal Operators'
Conference, Wollongong, NSW, Australia, University of Wollongong.
Aziz, N, Craig, P, Mirzaghorbanali, A, Rasekh, H, Nemcik, J, and Li, X (2015a). Behaviour of
cable bolts in shear; experimental study and mathematical modelling, Coal Operators'
Conference, Wollongong, NSW, Australia, University of Wollongong.
Aziz, N, Hawker, R, Mirzaghorbanali, A, Nemcik, J, Li, X, and Rasekh, H (2015b). Strength
characteristics of secura hollow groutable cable bolts, Coal Operators' Conference,
Wollongong, NSW, Australia, University of Wollongong.
Aziz, N, Heeman, K, Nemcik, J, and Mayer, S (2014). Shear strength properties of Hilti plain
and indented strand cable bolts, Coal Operators' Conference, Wollongong, NSW, Australia,
University of Wollongong.
Aziz, N, Hossein, J, and Hadi, M N (2005). The effect of resin thickness on bolt-groutconcrete interaction in shear, Coal Operators' Conference, Wollongong, NSW, Australia,
University of Wollongong.
Aziz, N, Khaleghparast, S, Anzanpour, S, Mirza, A, Rastegarmanesh, A, Hagan, P, Oh, J, and
Si, G (2020). Development of a numerical modelling approach to better understand the effect
of cable bolt performance on roof failure mechanisms in varying rock mass conditions,
Australia, ACARP C27040.

352

Aziz, N, Marza, A, Nemcik, J, Rasekh, H, and Li, X (2016a). A follow up to study the
behaviour of cable bolts in shear: experimental study and mathematical modelling, Coal
Operators' Conference, Wollongong, NSW, Australia, University of Wollongong
Aziz, N, Mirzaghorbanali, A, Nemcik, J, Heemann, K, and Mayer, S (2015c). Shear strength
properties of plain and spirally profiled cable bolts, Canadian Geotechnical Journal, 52(10),
1490-1495.
Aziz, N, Mirzaghorbanali, A, Yang, G, Khaleghparast, S, and Resekh, H (2018). Innovative
approach to strata reinforcement in coal mines with reference to evaluation cable bolts shear
strength, Journal of Mining and Environment, 9(3), 703-715.
Aziz, N, Mirzaghorbanalli, A, Nemcik, J, Hadi, M, Remennikov, A, Khaleghparast, S, Yang,
G, Rasekh, H, and Li, X (Dec 2017). Shear testing of the major australian cable bolts under
different pretension loads, Australia, ACARP C42012, 65.
Aziz, N, Nemcik, J, Mirzaghorbanali, A, Foldi, S, Joyce, D, Moslemi, A, Ghojavand, H, Ma,
S, Li, X, and Rasekh, H (2014). Suggested methods for the preparation and testing of various
properties of resins and grouts, Coal Operators' Conference, Wollongong, NSW, Australia,
University of Wollongong.
Aziz, N, Pratt, D, and Williams, R (2003). Double shear testing of bolts, Coal Operators'
Conference The AusIMM Illawarra Branch
Wollongong, NSW, Australia, University of Wollongong. 12-14,
Aziz, N, Pratt, D, and Williams, R (2003). Double shear testing of bolts, Coal Operators'
Conference, Wollongong, NSW, Australia, University of Wollongong.
Aziz, N, Rasekh, H, Mirzaghorbanali, A, Yang, G, Khaleghparast, S, and Nemcik, J (2018).
An Experimental Study on the Shear Performance of Fully Encapsulated Cable Bolts in Single
Shear Test, Rock Mechanics and Rock Engineering, 51(7), 2207-2221.
Aziz, N, Yang, G, Khaleghparast, S, and Marshall, T (2019). Development of double shear
testing of tendons, Coal Operators' Conference Wollongong, NSW, Australia, University of
Wollongong. 150-161,
Aziz, N, Yang, G, Khaleghparast, S, and Marshall, T (2019). Development of double shear
testing of tendons, Coal Operators' Conference, Wollongong, NSW, Australia, University of
WOllongong. 150-161,
Baltazar, A, Hernandez-Salazar, C D, and Manzanares-Martinez, B (2010). Study of wave
propagation in a multiwire cable to determine structural damage, Ndt & E International, 43(8),
726-732.

353

Barla, G, and Jarre, P (1988). Progettazione geotecnica degli interventi, Secondo Ciclo di
Conferenze di Meccanica e Ingegneria delle Rocce-MIR88-‘‘Pendii naturali e fronti di
scavo’’. Politecnico di Torino, Dip. to Ingegneria Strutturale, 13.11-13.32.
Bartoli, I, Castellazzi, G, Marzani, A, and Salamone, S (2012). Prediction of stress waves
propagation in progressively loaded seven wire strands, Sensors and Smart Structures
Technologies for Civil, Mechanical, and Aerospace Systems 2012, International Society for
Optics and Photonics. 834505,
Bawden, W, Hyett, A, and Lausch, P (1992). An experimental procedure for the in situ testing
of cable bolts, International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, Pergamon. 525-533,
Bhattacharya, S, Krishnamurthy, K C, Rajendran, R, Prem Sai, K, and Basu, S (2006). Impact
Studies on Structural Components Using a Free-Flight Drop Tower, Experimental Techniques,
30(2), 52-58.
Bohara, R P, Tanapornraweekit, G, and Tangtermsirikul, S (2019). Investigation of concrete
material models for analysis of seismic behavior of reinforced concrete under reversed cyclic
load, Songklanakirin Journal of Science and Technology.
Brady, B H, and Brown, E T (1993). Rock mechanics: for underground mining, Springer
science & business media.
British Standard (BS7861- Part 2) (2009). Strata reinforcement support systems components
used in coal mines–Part, 2.
Browne, A L, and Johnson, N L (2002). Dynamic crush tests using a "free-flight" drop tower:
Theory. Experimental Techniques; Bethel, Netherlands, Bethel, Springer Nature B.V., 26, 43.
Cai, M (2013). Principles of rock support in burst-prone ground, Tunnelling and Underground
Space Technology, 36, 46-56.
Cai, M (2019). Rock support in strainburst-prone ground, International Journal of Mining
Science and Technology, 29(4), 529-534.
Camiro, Mining, D, and Mining Research, D (1996). Canadian rockburst research program,
1990-1995: a comprehensive summary of five years of collaborative research on rockbursting
in hardrock mines, [Sudbury, Ont.], CAMIRO Mining Division.
Cao, C (2012). Bolt profile configuration and load transfer capacity optimisation.
Cao, C, Nemcik, J, Aziz, N, and Ting, R (2012). Failure modes of rockbolting. Coal
Operators' Conference, Wollongong, NSW, Australia, University of Wollongong
12, 137-153.

354

Chang, X, Peng, Y, Zhu, Z, Gong, X, Yu, Z, Mi, Z, and Xu, C (2019). Breaking failure
analysis and finite element simulation of wear-out winding hoist wire rope, Engineering
Failure Analysis, 95, 1-17.
Chen, L, Sheng, G, and Chen, G (2014). Investigation of impact dynamics of roof bolting with
passive friction control, International Journal of Rock Mechanics and Mining Sciences, 70,
559-568.
Chen, Y (2014). Experimental study and stress analysis of rock bolt anchorage performance,
Journal of Rock Mechanics and Geotechnical Engineering, 6(5), 428-437.
Chen, Y, and Li, C C (2015). Performance of fully encapsulated rebar bolts and D-Bolts under
combined pull-and-shear loading, Tunnelling and Underground Space Technology, 45, 99106.
Chung, C H, Lee, J, and Gil, J H (2014). Structural performance evaluation of a precast
prefabricated bridge column under vehicle impact loading, Structure and Infrastructure
Engineering, 10(6), 777-791.
Cook, N (1963). The seismic location of rockbursts, Proceedings of the fifth rock mechanics
symposium, Pergamon Press. 516,
Craig, P, and Aziz, N I (2010). Shear testing of 28 mm hollow strand "TG" cable bolt, 29th
International Conference on Ground Control in Mining, Morgantown, West Virginia, USA,
169-174, https://ro.uow.edu.au/engpapers/3580.
Criag, P (2020). Personal communication. N Aziz.
Dai, J, Ueda, T, and Sato, Y (2006). Unified analytical approaches for determining shear bond
characteristics of FRP-concrete interfaces through pullout tests, Journal of Advanced Concrete
Technology, 4(1), 133-145.
DeSisto, T (1974). Instrumented Impact Testing: A Symposium Presented at the Seventy-sixth
Annual Meeting, American Society for Testing and Materials, Philadelphia, Pa., 24-29 June
1973, ASTM International.
Dight, P M (1982). Improvements to the Stability of Rock Walls in Open Pit Mines: By Phillip
M. Dight, Monash University.
Dight, P M (1983). Improvements to the stability of rock walls in open pit mines [Ph. D.
Thesis], Monash University, Victoria, Australia.
Dorsten, V, Hunt, F F, and Preston, H K (1984). Epoxy coated seven-wire strand for
prestressed concrete, Prestressed Concrete Institute, 29(4), 120-129.
Dou, L, Zhao, C, Yang, S, and Wu, X (2006). Prevention and control of rock burst in coal
mine, China University of Mining and Technology Press, Xuzhou.
355

Dulacska, H (1972). Dowel action of reinforcement crossing cracks in concrete, Journal
Proceedings, 754-757,
Durrheim, R, Milev, A, Spottiswoode, S, and Vakalisa, B (1997). Improvement of worker
safety through the investigation of the site response to rockbursts.
Egger, P, and Zabuski, L (1991). Behaviour of rough bolted joints in direct shear tests, 7th
ISRM Congress, International Society for Rock Mechanics and Rock Engineering.
El-Ariss, B (2007). Behavior of beams with dowel action, Engineering Structures, 29(6), 899903.
Fan, W, and Yuan, W C (2014). Numerical simulation and analytical modeling of pilesupported structures subjected to ship collisions including soil-structure interaction, Ocean
Engineering, 91, 11-27.
Fang, Q, and Zhang, J (2014). 3D numerical modeling of projectile penetration into rockrubble overlays accounting for random distribution of rock-rubble, International Journal of
Impact Engineering, 63, 118-128.
Ferrero, A M (1995). The shear strength of reinforced rock joints, International Journal of
Rock Mechanics and Mining Sciences & Geomechanics Abstracts, Elsevier. 595-605,
Fuller, P, and O’Grady, P (1993). Flexibolt flexible roof bolts: a new concept for strata
control, 12th International Conference on Ground Control in Mining, Morgantown, West
Virginia, USA, 24-34,
Gao, F, Kaiser, P K, Stead, D, Eberhardt, E, and Elmo, D (2019). Strainburst phenomena and
numerical simulation of self-initiated brittle rock failure, International Journal of Rock
Mechanics and Mining Sciences, 116(January), 52-63.
Garford (1990). An improved, economical method for rock stabilisation, Garford, Pty Ltd:
Perth, 1-4.
Gaudreau, D (2019). About the likely performance of ground support systems submitted to
dynamic loading, Proceedings of the Ninth International Symposium on Ground Support in
Mining and Underground Construction, Australian Centre for Geomechanics. 213-230,
Gaudreau, D, Aubertin, M, and Simon, R (2004). Performance assessment of tendon support
systems submitted to dynamic loading, École polytechnique de Montréal.
Gerrard, C (1983). Rock bolting in theory-A key note lecture, Proc. Int. Symp. On Rock
Bolting, 55-64,
Goris, J M, Martin, L, and Curtin, R (1996). Shear behavior of cable bolt supports in
horizontal, bedded deposits, Colorado School of Mines, Golden, CO (United States).

356

Govindjee, S, Kay, G J, and Simo, J C (1995). Anisotropic modelling and numerical
simulation of brittle damage in concrete, International journal for numerical methods in
engineering, 38(21), 3611-3633.
Grasselli, G (2005). 3D Behaviour of bolted rock joints: experimental and numerical study,
International Journal of Rock Mechanics and Mining Sciences, 42(1), 13-24.
Grote, D L, Park, S W, and Zhou, M (2001). Dynamic behavior of concrete at high strain rates
and pressures: I. experimental characterization.
Haag, T, Beadle, B M, Sprenger, H, and Gaul, L (2009). Wave-based defect detection and
interwire friction modeling for overhead transmission lines, Archive of Applied Mechanics,
79(6-7), 517-528.
Hadjigeorgiou, J, Karampinos, E, Turcotte, P, and Mercier-Langevin, F (2013). Assessment of
the influence of drift orientation on observed levels of squeezing in hard rock mines,
Proceedings of the Seventh International Symposium on Ground Support in Mining and
Underground Construction, Australian Centre for Geomechanics. 109-117,
Hadjigeorgiou, J, and Potvin, Y (2007). Overview of dynamic testing of ground support,
Proceedings of the Fourth International Seminar on Deep and High Stress Mining, Australian
Centre for Geomechanics. 349-371,
Hadjigeorgiou, J, and Potvin, Y (2011). A Critical Assessment of Dynamic Rock
Reinforcement and Support Testing Facilities, Rock Mechanics and Rock Engineering, 44(5),
565-578.
Hagan, P, and Chen, J (2015). Optimising the selection of fully grouted cabe bolts in varying
geotechnical environments, UNSW Australia, UNSW 106.
Hagan, T, Milev, A, Spottiswoode, S, Hildyard, M, Grodner, M, Rorke, A, Finnie, G, Reddy,
N, Haile, A, and Le Bron, K (2001). Simulated rockburst experiment-an overview, Journal of
the Southern African Institute of Mining and Metallurgy, 101(5), 217-222.
Hao, Y, Wu, Y, Ranjith, P G, Zhang, K, Hao, G, and Teng, Y (2020). A novel energyabsorbing rock bolt with high constant working resistance and long elongation: Principle and
static pull-out test, Construction and Building Materials, 243.
Harrison, J P (2004). Rock Mechanics.
Hartman, W, and Hebblewhite, B (2003). Understanding the performance of rock
reinforcement elements under shear loading through laboratory testing-A 30-year history,
Proceedings 1st Australian Ground Control in Mining Conference, 151-160,
Hayman, L (2014). Economic and productivity comparison of ground support for rockburstprone and squeezing ground conditions, Proceedings of the Seventh International Conference
on Deep and High Stress Mining, Australian Centre for Geomechanics. 329-342,
357

He, C, and Yang, J (2019). Experimental and numerical investigations of dynamic failure
process in rock under blast loading, Tunnelling and Underground Space Technology, 83, 552564.
He, M, Ren, F, and Liu, D (2018). Rockburst mechanism research and its control,
International Journal of Mining Science and Technology, 28(5), 829-837.
He, M, Xia, H, Jia, X, Gong, W, Zhao, F, and Liang, K (2012). Studies on classification,
criteria and control of rockbursts, Journal of Rock Mechanics and Geotechnical Engineering,
4(2), 97-114.
Heal, D, Hudyma, M, and Potvin, Y (2004). Assessing the in-situ performance of ground
support systems subjected to dynamic loading, Ground support in mining and underground
construction, proceedings of the fifth International Symposium on ground support, Perth,
Australia, 28-30,
Heal, D, Hudyma, M, and Potvin, Y (2006). Evaluating rockburst damage potential in
underground mining, Golden Rocks 2006, The 41st US Symposium on Rock Mechanics
(USRMS), American Rock Mechanics Association.
Hebblewhite, B, and Galvin, J (2017). A review of the geomechanics aspects of a double
fatality coal burst at Austar Colliery in NSW, Australia in April 2014, International Journal of
Mining Science and Technology, 27(1), 3-7.
Hedley, D G (1992). Rockburst handbook for Ontario hardrock mines, Canmet.
Hildyard, M, and Milev, A (2001). Simulated rockburst experiment: Development of a
numerical model for seismic wave propagation from the blast, and forward analysis, Journal
of the Southern African Institute of Mining and Metallurgy, 101(5), 235-245.
Hoek, E (2000). Practical rock engineering.
Hoek, E, Kaiser, P K, and Bawden, W F (2000). Support of underground excavations in hard
rock, CRC Press.
Holmquist, T J, Templeton, D W, and Bishnoi, K D (2001). Constitutive modeling of
aluminum nitride for large strain, high-strain rate, and high-pressure applications,
International Journal of Impact Engineering, 25(3), 211-231.
Hudson, J A, and Harrison, J P (2000). Engineering rock mechanics: an introduction to the
principles, Elsevier.
Hutchins, W, Bywater, S, Thompson, A, and Windsor, C (1990). A versatile grouted cable
dowel reinforcing system for rock.
Hutchinson, D J, and Diederichs, M S (1996). Cablebolting in underground mines, BiTech
Publishers Richmond^ eBC BC.
358

Hyett, A, Bawden, W, and Reichert, R (1992). The effect of rock mass confinement on the
bond strength of fully grouted cable bolts, International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts, Elsevier. 503-524,
Imbeau, P (2012). RESPONSE OF REINFORCED CONCRETE COLUMNS SUBJECTED
TO IMPACT LOADING, University of Ottawa.
Iqbal, M A, Kumar, V, and Mittal, A K (2019). Experimental and numerical studies on the
drop impact resistance of prestressed concrete plates, International Journal of Impact
Engineering, 123, 98-117.
Ivanovic, A, Neilson, R D, and Rodger, A A (2002). Influence of prestress on the dynamic
response of ground anchorages, Journal of geotechnical and geoenvironmental engineering,
128(3), 237-249.
Jalalifar, H (2006). A new approach in determining the load transfer mechanism in fully
grouted bolts, (1976), 337-337.
Jalalifar, H, and Aziz, N (2010). Analytical behaviour of bolt–joint intersection under lateral
loading conditions, Rock Mechanics and Rock Engineering, 43(1), 89-94.
Jalalifar, H, and Aziz, N (2010). Experimental and 3D numerical simulation of reinforced
shear joints, Rock Mechanics and Rock Engineering, 43(1), 95-103.
Jalalifar, H, and Aziz, N (2012). Numerical Simulation of Fully Grouted Rock Bolts,
Numerical Simulation - From Theory to Industry, 607-640.
Jalalifar, H, Aziz, N, and Hadi, M (2006). The effect of surface profile, rock strength and
pretension load on bending behaviour of fully grouted bolts, Geotechnical & Geological
Engineering, 24(5), 1203-1227.
Jalalifar, H, Aziz, N, and Hadi, M (2006). The effect of surface profile, rock strength and
pretension load on bending behaviour of fully grouted bolts, Geotechnical and Geological
Engineering, 24(5), 1203-1227.
Jayasinghe, L B, Shang, J, Zhao, Z, and Goh, A T C (2019). Numerical investigation into the
blasting-induced damage characteristics of rocks considering the role of in-situ stresses and
discontinuity persistence, Computers and Geotechnics, 116.
Jennmar (2020). Coal Catalogue.
Jiang, H, and Chorzepa, M G (2015). An effective numerical simulation methodology to
predict the impact response of pre-stressed concrete members, Engineering Failure Analysis,
55, 63-78.
Jiang, H, Wang, X, and He, S (2012). Numerical simulation of impact tests on reinforced
concrete beams, Materials and Design, 39, 111-120.
359

Jiang, H, and Zhao, J (2015). Calibration of the continuous surface cap model for concrete,
Finite Elements in Analysis and Design, 97, 1-19.
Jin-feng, Z, and Peng-hao, Z (2019). Analytical model of fully grouted bolts in pull-out tests
and in situ rock masses, International Journal of Rock Mechanics and Mining Sciences,
113(November 2018), 278-294.
Kaewunruen, S (2007). Experimental and numerical studies for evaluating dynamic behaviour
of prestressed concrete sleepers subject to severe impact loading, PhD,PhD, University of
Wollongong.
Kaiser, P, and Cai, M (2013). Critical review of design principles for rock support in burstprone ground – time to rethink!, (January), 3-37.
Kaiser, P, McCreath, D, and Tannant, D (1997). Canadian rockburst research program 1990–
1995, CAMIRO Mining Division.
Kaiser, P K, and Cai, M (2012). Design of rock support system under rockburst condition,
Journal of Rock Mechanics and Geotechnical Engineering, 4(3), 215-227.
Kaiser, P K, McCreath, D, and Tannant, D (1996). Canadian rockburst support handbook,
Geomechanics Research Center.
Khaleghparast, S (2017). Shear characterisation of various cable bolts using single and double
shear techniques.
Kömürlü, E, and Kesimal, A (2016). Rock bolting from past to present in 20 inventions,
Bildiriler/Proceedings, 68.
Lesňák, M, Maršálek, P, Horyl, P, and Pištora, J (2020). Load-bearing capacity modelling and
testing of single-stranded wire rope.
Li, C C (2009). Field Observations of Rock Bolts in High Stress Rock Masses, Rock
Mechanics and Rock Engineering, 43(4), 491-496.
Li, C C (2010). A new energy-absorbing bolt for rock support in high stress rock masses,
International Journal of Rock Mechanics and Mining Sciences, 47(3), 396-404.
Li, C C (2011). Performance of D-bolts Under Static Loading, Rock Mechanics and Rock
Engineering, 45(2), 183-192.
Li, C C (2017). Principles of rockbolting design, Journal of Rock Mechanics and Geotechnical
Engineering, 9(3), 396-414.
Li, C C, Mikula, P, Simser, B, Hebblewhite, B, Joughin, W, Feng, X, and Xu, N (2019).
Discussions on rockburst and dynamic ground support in deep mines, Journal of Rock
Mechanics and Geotechnical Engineering, 11(5), 1110-1118.
360

Li, C C, Stjern, G, and Myrvang, A (2014). A review on the performance of conventional and
energy-absorbing rockbolts, Journal of Rock Mechanics and Geotechnical Engineering, 6(4),
315-327.
Li, L (2016). Investigation into shear performance of rockbolts under static and dynamic
loading conditions, (December).
Li, L, Hagan, P, Saydam, S, and Hebblewhite, B (2016). Shear resistance contribution of
support systems in double shear test, Tunnelling and Underground Space Technology, 56,
168-175.
Li, L, Hagan, P C, Saydam, S, Hebblewhite, B, and Zhang, C (2019). A Laboratory Study of
Shear Behaviour of Rockbolts Under Dynamic Loading Based on the Drop Test Using a
Double Shear System, Rock Mechanics and Rock Engineering, 52(9), 3413-3429.
Li, X (2016). Study of cable bolt shear strength characteristics for ground reinforcement in
mines.
Li, X (2016). Study of cable bolt shear strength characteristics for ground reinforcement in
mines.
Li, X, Aziz, N, Mirzaghorbanali, A, and Nemcik, J (2016). Behavior of Fiber Glass Bolts,
Rock Bolts and Cable Bolts in Shear, Rock Mechanics and Rock Engineering, 49(7), 27232735.
Li, X, Aziz, N, Mirzaghorbanali, A, and Nemcik, J (2017). Comparison of the shear test
results of a cable bolt on three laboratory test apparatuses, Tunnelling and Underground Space
Technology, 61, 82-89.
Li, X, Gong, F, Tao, M, Dong, L, Du, K, Ma, C, Zhou, Z, and Yin, T (2017). Failure
mechanism and coupled static-dynamic loading theory in deep hard rock mining: A review,
Journal of Rock Mechanics and Geotechnical Engineering, 9(4), 767-782.
Li, X, Yang, G, Nemcik, J, Mirzaghorbanali, A, and Aziz, N (2019). Numerical investigation
of the shear behaviour of a cable bolt in single shear test, Tunnelling and Underground Space
Technology, 84, 227-236.
Liu, K, Zhang, Q, and Zhao, J (2018). Dynamic increase factors of rock strength, Proceedings
of the Third International Confrence on Rock Dynamics and Applications, Trondheim, 26-27
June, 169-174.
LSTC (2016). LS-DYNA Keyword User's Manual Version 971, Livermore Software
Technology Corporation.
Ma, S, Nemcik, J, and Aziz, N (2013). An analytical model of fully grouted rock bolts
subjected to tensile load, Construction and Building Materials, 49, 519-526.

361

Magallanes, J M, Wu, Y, Malvar, L J, and Crawford, J E (2010). Recent improvements to
release III of the K&C concrete model, 11th international LS-DYNA Users conference,
Livermore Software Technology Corporation Livermore, CA. 6-8,
Mah, G P (1994). The development of a fibreglass cable bolt, University of British Columbia.
Mahony, L, and Hagan, P (2006). A laboratory facility to study the behaviour of reinforced
elements subjected to shear.
Malvar, L, Crawford, J, and Morrill, K (2000). K&C concrete material model release IIIautomated generation of material model input, Karagozian and Case Structural Engineers,
Technical Report TR-99-24.3.
Malvar, L, Crawford, J, Wesevich, J, and Simons, D (1994). A new concrete material model
for DYNA3D, Karagozian and Case, Report No. TR94-14.3.
Malvar, L J (1998). Review of static and dynamic properties of steel reinforcing bars, ACI
Materials Journal, 95(5), 609-616.
Malvar, L J, Crawford, J E, Facilities, N, Service, E, Hueneme, P, and Engineers, S (1998).
Dynamic Increase Factors, 28th DDESB Seminar Orlando, 1-17.
Malvar, L J, Crawford, J E, Wesevich, J W, and Simons, D (1997). A plasticity concrete
material model for DYNA3D, International Journal of Impact Engineering, 19(9-10), 847873.
Malvar, L J, and Ross, C A (1998). Review of strain rate effects for concrete in tension, ACI
Materials Journal, 95, 735-739.
Marambio, E, Vallejos, J, Burgos, L, Gonzalez, C, Castro, L, Saure, J, and Urzua, J (2018).
Numerical modelling of dynamic testing for rock reinforcement used in underground
excavations, Proceedings of the Fourth International Symposium on Block and Sublevel
Caving, Australian Centre for Geomechanics. 767-780,
Mardalizad, A, Manes, A, and Giglio, M (2016). An investigation in constitutive models for
damage simulation of rock material, AIAS, Associazione Italiana Per L’analisi Delle
Sollecitazioni, Università Degli Studi Di Trieste, Italy.
Mardalizad, A, Manes, A, and Giglio, M (2016). An investigation in constitutive models for
damage simulation of rock material. AIAS – ASSOCIAZIONE ITALIANA PER L’ANALISI
DELLE SOLLECITAZIONI UNIVERSITÀ DEGLI STUDI DI TRIESTE

Mark, C (2018). Coal bursts that occur during development: A rock mechanics enigma,
International Journal of Mining Science and Technology, 28(1), 35-42.

362

Markovich, N, Kochavi, E, and Ben-Dor, G (2011). An improved calibration of the concrete
damage model, Finite Elements in Analysis and Design, 47(11), 1280-1290.
Matthews, S, Tillmann, V, and Worotnicki, G (1983). A modified cable bolt system for the
support of underground openings.
Mazars, J (1984). Application de la mécanique de l'endommagement au comportement non
linéaire et à la rupture du béton de structure, THESE DE DOCTEUR ES SCIENCES
PRESENTEE A L'UNIVERSITE PIERRE ET MARIE CURIE-PARIS 6.
McKenzie, R, and King, B (2015). Megabolt shear testing program, Presentation to NUGS
and BBUGS, 25.
Megabolt (2019). High capacity strata support products and systems for underground mining,
Autralia, Megabolt, 1-64.
Meriam, J L, and Kraige, L G (2001). Engineering mechanics statics, New york, Wiley.
Milev, A, Spottiswoode, S, Rorke, A, and Finnie, G (2001). Seismic monitoring of a simulated
rockburst on a wall of an underground tunnel, Journal of the Southern African Institute of
Mining and Metallurgy, 101(5), 253-260.
Mirza, A, Aziz, N, Ye, W, and Nemcik, J (2016). Mechanical properties of grouts at various
curing times.
Mirzaghorbanali, A, Rasekh, H, Aziz, N, Yang, G, Khaleghparast, S, and Nemcik, J (2017).
Shear strength properties of cable bolts using a new double shear instrument, experimental
study, and numerical simulation, Tunnelling and Underground Space Technology, 70, 240253.
Mortazavi, A, and Tabatabaei Alavi, F (2013). A numerical study of the behavior of fully
grouted rockbolts under dynamic loading, Soil Dynamics and Earthquake Engineering, 54, 6672.
Murray, Y D (2007). Users manual for LS-DYNA concrete material model 159, United States.
Federal Highway Administration. Office of Research ….
Nie, W, Zhao, Z Y, Ning, Y J, and Guo, W (2014). Numerical studies on rockbolts mechanism
using 2D discontinuous deformation analysis, Tunnelling and Underground Space
Technology, 41, 223-233.
Ortlepp, W (1969). An empirical determination of the effectiveness of rockbolt support under
impulse loading, Procedings of the International Symposium on Large Permanent
Underground Openings, Universitats-forlaget. 197-205,
Ortlepp, W (1993). High ground displacement velocities associated with rockburst damage,
Rockbursts and seismicity in mines, 93, 101-106.
363

Ortlepp, W, and Stacey, T (1997). The performance of containment rock support such as wire
mesh under simulated rockburst loading, Geomechanics 96: Geomechanics, Numerical
Modelling in Geomechanics, Numerical Modelling using Itasca Codes, Water Jet Technology,
81-87,
Ortlepp, W D, and Stacey, T R (1994). Rockburst mechanisms in tunnels and shafts,
Tunnelling and Underground Space Technology incorporating Trenchless, 9(1), 59-65.
Ortlepp, W D, and Stacey, T R (1998). Performance of tunnel support under large deformation
static and dynamic loading, Comptes Rendus de l'Academie de Sciences - Serie IIa: Sciences
de la Terre et des Planetes, 331(11), 15-21.
Otuonye, F (1993). Influence of shock waves on the response of full contact rock bolts,
Proceedings of the 9th Symposium on Explosives and Blasting Research. California: San
Diego, 261-270,
Ožbolt, J, and Sharma, A (2011). Numerical simulation of reinforced concrete beams with
different shear reinforcements under dynamic impact loads, International Journal of Impact
Engineering, 38(12), 940-950.
Pellet, F, and Egger, P (1996). Analytical model for the mechanical behaviour of bolted rock
joints subjected to shearing, Rock Mechanics and Rock Engineering, 29(2), 73-97.
Piguet, J, and Revalor, R (1990). Rappels fondamentaux sur le boulonnage et lignes
d’evolution actuelle, Symp. Discontinuous Modelling Jointed Rock Masses, 3340.
Player, J, Thompson, A, and Villaescusa, E (2008a). Dynamic testing of reinforcement
systems, 6th International Symposium on Ground Support in Mining and Civil Engineering
Construction, 597-622.
Player, J, Villaescusa, E, and Thompson, A (2004). Dynamic testing of rock reinforcement
using the momentum transfer concept, Ground support in mining and underground
construction, 327-340.
Player, J, Villaescusa, E, and Thompson, A (2008b). An Examination of Dynamic Test
Facilities', Australian Mining Technology Conference, Australasian Institute of Mining and
Metallurgy Melbourne.
Player, J R, Thompson, A G, and Villaescusa, E (2009). Dynamic Testing of Threadbar used
for Rock Reinforcement, Proceedings of the Third CANUS Rock Mechanics Symposium,
2009(May), 1-14.
Plouffe, M, Anderson, T, and Judge, K (2007a). Dynamic and static testing of tendons—
Development of a testing protocol for friction bolts, Natural Resources Canada, CANMET—
Mining and Mineral Sciences Laboratories report CANMET-MMSL, 06-033.

364

Plouffe, M, Anderson, T, and Judge, K (2007b). Rock Bolts Testing under Dynamic
Conditions at CANMET-MMSL, 6th International Symposium on Ground Support in Mining
and Civil Engineering Construction, 581-596.
Plouffe, M, Anderson, T, and Judge, K (2008). Rock bolts testing under dynamic conditions at
CANMET-MMSL, Proceedings of the 6th International Symposium on Ground Support in
Mining and Civil Engineering Construction, Cape Town, South Africa, 581-595,
Polanco-Loria, M, Hopperstad, O S, Børvik, T, and Berstad, T (2008). Numerical predictions
of ballistic limits for concrete slabs using a modified version of the HJC concrete model,
International Journal of Impact Engineering, 35(5), 290-303.
Potvin, Y (2009). Strategies and tactics to control seismic risks in mines, Journal of the
Southern African Institute of Mining and Metallurgy, 109(3), 177-186.
Potvin, Y, and Hadjigeorgiou, J (2008). Ground support strategies to control large
deformations in mining excavations, Journal of the Southern African Institute of Mining and
Metallurgy, 108(7), 397-404.
Potvin, Y, Hudyma, M, and Jewell, R J (2018). Rockburst and seismic activity in underground
australian mines - An introduction to a new research project, ISRM International Symposium
2000, IS 2000(November).
Potvin, Y, and Wesseloo, J (2013). Towards an understanding of dynamic demand on ground
support, Journal of the Southern African Institute of Mining and Metallurgy, 113(12), 913922.
Potvin, Y, Wesseloo, J, and Heal, D (2010). An interpretation of ground support capacity
submitted to dynamic loading, Transactions of the Institutions of Mining and Metallurgy,
Section A: Mining Technology, 119(4), 233-245.
Rasekh, H (2017). The performance of cable bolts in experimental, numerical and
mathematical shear studies, (Civil).
Rasekh, H (2017). The shear performance of cable bolts in experimental, numerical and
mathematical studies, PhD, University of Wollongong.
Rasekh, H, Aziz, N, Mirza, A, Nemcik, J, Li, X, Yang, G, and Khaleghparast, S (2017a).
Double Shear Testing of Cable Bolts with No Concrete Face Contacts, Procedia Engineering,
191, 1169-1177.
Rasekh, H, Mirzaghorbanali, A, Nemcik, J, Aziz, N, and Li, X (2017). A New Equation for
the Shear Strength of Cable Bolts Incorporating the Energy Balance Theory, Geotechnical and
Geological Engineering, 35(4), 1529-1548.
Reddy, N, and Spottiswoode, S (2001). The influence of geology on a simulated rockburst,
Journal of the Southern African Institute of Mining and Metallurgy, 101(5), 267-272.
365

Rizzo, P (2006). Ultrasonic wave propagation in progressively loaded multi-wire strands,
Experimental Mechanics, 46(3), 297-306.
Salamon, M G (1983). Rockburst hazard and the fight for its alleviation in South African gold
mines, Rockbursts: prediction and control. Symposium, 11-36,
Saleh, Z, Sheikh, M N, Remennikov, A M, and Basu, A (2019). Numerical investigations on
the flexural behavior of GFRP-RC beams under monotonic loads, Structures, Elsevier. 255267,
Schmuck, C (1979). Cable bolting at the Homestake gold mine, Mining Engineering, 31(12),
1677-1681.
Spang, K, and Egger, P (1990). Action of fully-grouted bolts in jointed rock and factors of
influence, Rock Mechanics and Rock Engineering, 23(3), 201-229.
St-Pierre, L, Hassani, F, Radziszewski, P, Ouellet, J, and Plouffe, M (2007). Testing and
analyzing the dynamic response of rock support elements, Proc. 4th Int. Symp. on Highperformance mine production, 353-368,
St-Pierre, L, Hassani, F P, Radziszewski, P H, and Ouellet, J (2009). Development of a
dynamic model for a cone bolt, International Journal of Rock Mechanics and Mining
Sciences, 46(1), 107-114.
Stacey, T (2012). A philosophical view on the testing of rock support for rockburst conditions,
Journal of the Southern African Institute of Mining and Metallurgy, 112(8), 01-08.
Standards, B (2009). Strata reinforcement support systems components used in coal mines
Part 2: Specification for flexible systems for roof reinforcement (BS7861-2). 56.
Stillborg, B (1993). Experimental investigation of steel cables for rock reinforcement in hard
rock.
Stillborg, B (1993). Experimental investigation of steel cables for rock reinforcement in hard
rock.
Strand7 (2010). Introduction to the Strand7 finite element analysis system.
Tadolini, S C, and Defossez, S (2012). Increased transfer mechanics of PC-strand for mining
and civil applications, 46th US Rock Mechanics/Geomechanics Symposium, American Rock
Mechanics Association.
Tadolini, S C, Derycke, S, and Bhagwat, A (2016). Characterization of tensile and shear
loading on indented PC-strand cable bolts, International Journal of Mining Science and
Technology, 26(1), 89-95.

366

Tahmasebinia, F, Zhang, C G, Canbulat, I, Vardar, O, and Saydam, S (2018). Numerical and
analytical simulation of the structural behaviour of fully grouted cable bolts under impulsive
loading, International Journal of Mining Science and Technology, 28(5), 807-811.
Takazawa, H, Hirosaka, K, Miyazaki, K, Tohyama, N, Saigo, S, and Matsumoto, N (2018).
Numerical simulation of impact loading for reinforced concrete wall, International Journal of
Pressure Vessels and Piping, 167(October), 66-71.
Tannant, D D, Brummer, R K, and Yi, X (1995). Rockbolt behaviour under dynamic loading:
Field tests and modelling, International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, 32(6), 537-550.
Thilakarathna, H M I, Thambiratnam, D P, Dhanasekar, M, and Perera, N (2010). Numerical
simulation of axially loaded concrete columns under transverse impact and vulnerability
assessment, International Journal of Impact Engineering, 37(11), 1100-1112.
Thomas, R (2012). The load transfer properties of post-groutable cable bolts used in the
Australian coal industry, Proceedings 31st International Conference on Ground Control in
Mining, 1-10,
Thompson, A G, Villaescusa, E, and Windsor, C R (2012). Ground Support Terminology and
Classification: An Update, Geotechnical and Geological Engineering, 30(3), 553-580.
Timoshenko, S (1925). Applied Elastics (Westinghouse Technical Night School Press, East
Pittsburgh, PA), Chap.
Tu, Z, and Lu, Y (2009). Evaluation of typical concrete material models used in hydrocodes
for high dynamic response simulations, International Journal of Impact Engineering, 36(1),
132-146.
Vallejos, J, and McKinnon, S (2008). Guidelines for development of re-entry protocols in
seismically active mines, The 42nd US Rock Mechanics Symposium (USRMS), American
Rock Mechanics Association.
Varden, R, Lachenicht, R, Player, J, Thompson, A, and Villaescusa, E (2008). Development
and implementation of the Garford dynamic bolt at the Kanowna Belle Mine, 10th
underground operators’ conference, Launceston, Australia,
Wang, G, Wu, X, Jiang, Y, Huang, N, and Wang, S (2013). Quasi-static laboratory testing of a
new rock bolt for energy-absorbing applications, Tunnelling and Underground Space
Technology, 38, 122-128.
Wang, G, Wu, X Z, and Jiang, Y J (2012). A New Yielding Bolt for Rock Support in High
Stress Rock Masses, Applied Mechanics and Materials, 204-208, 366-369.
Wang, K, and Pan, Y (2015). An undified theory of energy absorption and anti-impact for
surrounding rock and support in rock burst mine, Rock and Soil Mechanics, 36(9), 2585-2590.
367

Wang, N (1996). Resistance of concrete railroad ties to impact loading, University of British
Columbia.
Wang, W, Song, Q, Xu, C, and Gong, H (2018). Mechanical behaviour of fully grouted GFRP
rock bolts under the joint action of pre-tension load and blast dynamic load, Tunnelling and
Underground Space Technology, 73(December 2016), 82-91.
Washer, G, Green, R, and Pond Jr, R (2002). Velocity constants for ultrasonic stress
measurement in prestressing tendons, Journal of Research in Nondestructive Evaluation,
14(2), 81-94.
Wei, J, Li, J, and Wu, C (2019). An experimental and numerical study of reinforced
conventional concrete and ultra-high performance concrete columns under lateral impact
loads, Engineering Structures, 201(October), 109822-109822.
Weng, L, Huang, L, Taheri, A, and Li, X (2017). Rockburst characteristics and numerical
simulation based on a strain energy density index: A case study of a roadway in Linglong gold
mine, China, Tunnelling and Underground Space Technology, 69, 223-232.
Whyatt, J (2008). Dynamic failure in deep coal: recent trends and a path forward, Proceedings
27th International Conference on Ground Control in Mining, SS Peng et al. 37-45,
Windsor, C (1997). Rock reinforcement systems, International Journal of Rock Mechanics
and Mining Sciences, 34(6), 919-951.
Windsor, C R, and Thompson, A G (1994). Rock reinforcement—technology, testing, design
and evaluation, Comprehensive Rock Engineering, Principles, Practice & Projects; Hudson,
JA, Ed, 451-484.
Wu, M, Chen, Z, and Zhang, C (2015). Determining the impact behavior of concrete beams
through experimental testing and meso-scale simulation: I. Drop-weight tests, Engineering
Fracture Mechanics, 135, 94-112.
Wu, X, Jiang, Y, Gong, B, Deng, T, and Guan, Z (2018). Behaviour of rock joint reinforced
by energy-absorbing rock bolt under cyclic shear loading condition, International Journal of
Rock Mechanics and Mining Sciences, 110(July), 88-96.
Wu, Y, Crawford, J E, and Magallanes, J M (2012). Performance of LS-DYNA concrete
constitutive models, 12th International LS-DYNA users conference, 1-14,
Wu, Y K, and Oldsen, J (2010). Development of a new yielding rock bolt - Yield-lok bolt,
44th US Rock Mechanics Symposium - 5th US/Canada Rock Mechanics Symposium.
Wu, Z, Yang, S, Zheng, J, and Hu, X (2010). Analytical solution for the pull-out response of
FRP rods embedded in steel tubes filled with cement grout, Materials and structures, 43(5),
597-609.

368

Yan, P, Zhang, J, Fang, Q, and Zhang, Y (2018). Numerical simulation of the effects of falling
rock’s shape and impact pose on impact force and response of RC slabs, Construction and
Building Materials, 160, 497-504.
Yang, G (2019). The study of shear properties of various cable bolts using single and double
shear technics with the modeling simulations, PhD, University of Wollongong.
Yang, G, Aziz, N, Khaleghparast, S, Anzanpour, S, and Nemcik, J (2020). Shear testing of
cable bolts in circular double shear rig, Tunnelling and Underground Space Technology.
Yang, G, Aziz, N, Khaleghparast, S, Rasekh, H, Li, X, and Nemcik, J (2018). Profile of
Sheared Cable Bolts Strand Wires.
Yang, G, Khalegparast, S, Aziz, N, Nemcik, J, and Marshall, T (2019). Why the peak shear
load of indented cables increases with increased wire failures?
Yang, X, Ren, T, He, X, and Tan, L (2019). A review of energy sources of coal burst in
Australian coal mines.
Yi, X, and Kaiser, P (1994). Impact testing for rockbolt design in rockburst conditions,
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts,
Elsevier. 671-685,
Zhao, D-B, Yi, W-J, and Kunnath, S K (2017). Shear mechanisms in reinforced concrete
beams under impact loading, Journal of Structural Engineering, 143(9), 04017089.
Zhao, J-J, Zhang, Y, and Ranjith, P G (2017). Numerical simulation of blasting-induced
fracture expansion in coal masses, International Journal of Rock Mechanics and Mining
Sciences, 100, 28-39.
Zhao, T-b, Guo, W-y, Tan, Y-l, Lu, C-p, and Wang, C-w (2018). Case histories of rock bursts
under complicated geological conditions, Bulletin of Engineering Geology and the
Environment, 77(4), 1529-1545.
Zhou, Y-W, Wu, Y-F, and Yun, Y (2010). Analytical modeling of the bond–slip relationship
at FRP-concrete interfaces for adhesively-bonded joints, Composites Part B: Engineering,
41(6), 423-433.

369

